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Perovskite quantum wells (QWs) have an electronic structure that depends on their 
thickness, such that the band gaps are inversely proportional to QW size. In thin films, the 
average size of the QW has been shown to increase from the back to the front of the film. This 
gradient produces an energetic funnel in which excitations generated in the thinnest QWs with 
largest bandgaps are transferred to the thickest QWs with smallest bandgaps. In this dissertation, 
transient absorption methods are used to characterize the individual QWs, as well as their 
interactions in thin films. 
Transient absorption (TA) spectroscopy was employed to track excitations within films 
as a function of time. Our TA measurements demonstrate a downhill energy transfer cascade 
unambiguously.  Theoretical calculations suggest a Förster-type energy transfer mechanism and 
exclude the possibility of ultrafast charge transfer. Rigorous signal decomposition further 
supports this conclusion. 
In addition, we developed a wide-field diffractive optic-based transient absorption 
microscope (TAM) to access the effects of local structure on these dynamics. Specifically, we 
have utilized a multiplexing approach in which the pump is split into many beams by a 
diffractive optic. Further, the detector’s field of view is fully illuminated by a wide-field probe, 
such that 41 different transient absorption experiments with sub-micron resolution occur in 
iv 
parallel.  With this method, we gather vital statistical information while still maintaining 
reasonable data acquisition times with a kHz laser system. When applied to bulk perovskite, 
experiments reveal that diffusion is dominant in crystals as opposed to two-body recombination 
in films. This result is consistent with the presence of grain boundaries in the films.  
Lastly, we apply this TAM technique to layered perovskite crystals and films and arrive 
at the same conclusion. Overall, these results suggest that the material’s morphology, as opposed 
to chemical composition, is responsible for its carrier dynamics. In addition, a positive 
correlation between the thickness of the QW and the rate constant for two-body recombination 
has been observed, which is consistent with the increased fraction of free carriers in the thicker 
QWs. 
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CHAPTER 1: INTRODUCTION 
1.1  Summary of Accomplishments  
In this dissertation, we elucidated the ultrafast light-harvesting processes at work in 
layered perovskite quantum wells (QWs) through transient absorption (TA) spectroscopy and 
microscopy. Using two-dimensional transient absorption (2DTA) spectroscopy, we demonstrated 
that a downhill energy transfer cascade takes place in the layered films on a 100s of picoseconds 
timescale.1 As a result, we concluded that energy transfer, as opposed to charge transfer, 
dominates the ultrafast dynamics in the material.   
To gain spatial resolution within heterogeneous perovskite films, we developed and 
applied a diffractive optical element (DOE)-based, wide-field transient absorption microscopy 
(TAM) to bulk methylammonium lead triiodide (MAPbI3) perovskites. In comparing results for 
films and single crystals, we determined that two-body recombination and diffusion, 
respectively, dominate the lateral motions of carriers on ultrafast timescales.2 When applied to 
layered 2D perovskite films and crystals, TAM studies revealed that two-body recombination 
and diffusion, respectively, also govern the spatially-resolved TA signal in these materials. 
Interestingly, the two-body recombination rate was found to correlate with the thickness of the 
quantum well under investigation: as the thickness of the QW increases, so does the two-body 
recombination rate. In addition, the QW concentration gradient within layered films was 
characterized through focused ion beam (FIB) milling studies.3 
 The key contributions of this dissertation are as follows: 
• Developed 2DTA to map the location of excitations as a function of delay 
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• Demonstrated that layered 2D perovskites exhibit energy transfer on ultrafast time 
scales 
• Developed DOE-based wide-field TAM 
• Measured and quantified diffusion and two-body recombination processes in bulk 
MAPbI3 films and crystals 
• Characterized the QW concentration gradient in layered 2D perovskite films 
• Measured and quantified diffusion and two-body recombination processes in layered 
2D perovskite films and crystals 
1.2 Introduction to Perovskite Materials 
The term “perovskite” was coined in 1839 when Gustov Rose, a German mineralogist, 
discovered calcium titanate in the Ural Mountains and named the material after Lev Perovski, a 
Russian mineralogist. From then on, “perovskite” referred to the class of materials with the same 
structure as calcium titanate. In general, perovskites are a class of materials with the formula 
ABX3, where both A and B are cations and X is an anion.
4, 5 A schematic of the perovskite 
structure is presented in Figure 1.1. The specific perovskite materials under investigation within 
this dissertation are methylammonium lead triiodide (MAPbI3).  
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Figure 1.1. The general perovskite structure and formula, ABX3. For the work presented in this 
dissertation, the central A cation corresponds to methylammonium (MA+), B represents lead cations 
(Pb2+), and the X anions are iodide (I-).  
 
Methylammonium lead halide perovskites were first synthesized by Dieter Weber in the 
1970s, who solved the cubic crystal structure based on his crystallographic data.5, 6 Interest in the 
material exploded after Kojima et al. incorporated MAPbI3 into a dye-sensitized solar cell in 
2009 and achieved a 3.8% power conversion efficiency (PCE).7 Since then, the optoelectronic 
properties of MAPbI3 perovskites have been routinely applied in photovoltaic cells
4, 5, 8-24 with 
PCE as high as 28%.9  
In the mid-1990s, David Mitzi began experimenting with the dimensionality of halide 
perovskites by adding bulky organic cations to break up the conducting layers.25-27 These so-
called “two-dimensional” (2D) perovskites consist of slabs of the three-dimensional (bulk) lattice 
separated by insulating spacer cations. Around the same time, Ishihara et al. sought to 
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characterize the electronic structure of 2D perovskites.28-33 Such quantum wells are of 
fundamental interest due to the quantum and dielectrical confinement imparted by the presence 
of the spacer material. In addition, 2D perovskite QWs have shown great potential as light-
harvesters in photovoltaic devices,34-38,39 gain media in microarray lasers,40-42 and emitting layers 
in  light-emitting diodes (LEDs).43-45  
The perovskite QWs under investigation within this dissertation consist of an MAPbI3 
lattice separated by phenethyl ammonium (PEA) cations. We refer to the various thicknesses of 
these MAPbI3 slabs according to the number of layers, n, of the I-Pb-I lattice that are sandwiched 
between the PEA spacer. For example, a portion of the lattice that is two lead iodide layers thick 
is referred to as n=2. The value n also determines the stoichiometric ratio of the various lattice 
components. In this work, the 2D perovskites under investigation are given by the chemical 
formula (PEA)2(MA)n-1[PbnI3n+1], where n still refers to the number of lead iodide lattice 
layers.34  Figure 1.2 displays the crystal structure of these perovskite QWs with n=1-3, along 
with the thickness of the conductive portion of the perovskite lattice.   
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Figure 1.2. The crystal structure of n=1-3 perovskite QWs with a PEA spacer. As the value of n 
increases, the thickness of the conducting lattice between the insulating spacer increases. As a result, the 
degree of quantum confinement exhibited in these systems decreases as the thickness, n, increases.  
 
 The effect of the quantum confinement exhibited by 2D perovskites is most obvious upon 
photoexcitation.  After irradiation, an excited electron-hole pair, or exciton, is formed. Because 
the Bohr radius of this exciton is larger than the quantum well thickness, the electron-hole pair is 
quantum-confined within the roughly 2D conducting portion of the lattice.28 Such quantum 
confinement is most readily understood in the context of the hydrogen atom, which experiences a 
Coulombic attraction similar to the electron and hole in the exciton.46 If the Coulombic potential 
between hydrogen’s proton and electron is restricted to two dimensions, the n=1 energy level is 
four times more stabilized as compared to a 3D Coulombic potential. The ratio of the energy 
levels for hydrogen with 2D and 3D potentials is presented in Figure 1.3. 
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Figure 1.3. Comparison of hydrogenic energy levels calculated with a 2D and 3D Coulombic potential. 
As the dimensionality of the potential is reduced, the energy levels are stabilized by as much as four times 
for lower energy levels (smaller n). In excitonic systems, this stabilization is the exciton binding energy. 
The state energies produced by 2D and 3D potentials nearly converge as the state index gets larger and 
larger, indicating a reduction in quantum confinement and thus a lower exciton binding energy.  
 
 
The lower hydrogenic energy levels display the greatest energy difference when comparing 
2D and 3D potentials, as these are the levels with the smallest atomic radii and therefore strongest 
Coulomb potential. This is also true for the exciton, where the thickness of the QW (i.e. the degree 
of quantum confinement) determines the exciton binding energy as well as the excitonic 
resonance.47 For example, the n=1 QW has a larger optical bandgap than the n=2 QW (~2.4 eV 
versus 2.2 eV)48-50 and a higher exciton binding energy (~290 versus 170 meV).33, 50 
1.3 Introduction to Transient Absorption and 2DTA 
Transient absorption and related techniques serve as the foundation of the work presented 
herein. This section provides an introduction to TA and further describes the 2DTA technique, 
which offers vital insight into the energy transfer processes exhibited by perovskite QWs.  
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Transient absorption spectroscopy consists of two pulses, a pump and a probe, which are 
separated by an experimentally controlled delay time, τ, as depicted in Figure 1.4. The pump 
pulse induces a change in the absorption spectrum of the material of interest, which is monitored 
by the probe pulse. The pump-induced change in absorption, ΔA, or change in optical density, 
ΔOD, can exhibit positive and negative signal components. 
 
Figure 1.4. A schematic of a typical TA experiment. The pump (blue) interacts with the sample first, 
followed by the white-light probe (multicolored) after the experimentally controlled delay time, τ. The 
signal is detected in the direction of the transmitted probe and interpreted by a computer program.   
 
 
Negative signal components consist of two sorts of resonances, ground state bleaches 
(GSB) and excited state emissions (ESE). In the case of the former, the pump “bleaches out” the 
ground state when resonant with the energy gap between the ground and excited states, but an 
excited state population is never produced. For this reason, GSB signal components do not carry 
information about excited state dynamics. ESE signals, however, arise when the pump pulse 
creates an excited state population, which evolves during the delay time, τ. After interaction with 
the probe, the ground state population is restored.  
Excited state absorption (ESA) signal components are the positive features in a TA 
spectrum. ESAs are produced when the pump creates an excited state population, which again 
evolves during the delay time, τ. Instead of re-establishing the ground state population, the probe 
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interacts with the excited state population and a second excited state, resulting in spectral 
features with ΔA>0. Because the ESE and ESA signal components allow the excited state to 
evolve with delay, these carry vital information about the excited state dynamics exhibited by a 
material of interest.51 
Two-dimensional transient absorption, or 2DTA, differs from conventional TA in that 
there are multiple pump colors. Changing the color of the pump pulse and probing with white 
light provides a 2D map of excitations, which evolve with delay. The 2D spectra obtained with 
this technique are similar to those measured with 2D electronic spectroscopy, but there are 
significant differences in the experimental approach.52 The 2DTA technique plays an integral 
role in the work of this dissertation, as it readily allows for the observation of energy transfer.      
1.4 Energy and Charge Transfer in Layered 2D Perovskites 
While phase-pure 2D perovskite single crystals can be readily synthesized and isolated,27, 
48-50, 53-58 it has been broadly demonstrated that thin films produce excitonic resonances other 
than the intended QW.34-39, 42-45, 48, 59-67  For example, a film prepared from a precursor solution 
with chemical formula (PEA)2(MA)1[Pb2I7] is nominally n=2. However, the actual composition 
of the thin film made with this precursor shows well-resolved contributions from n=1, 2, and 3. 
In addition, steady-state fluorescence measurements show that the smallest (largest) QWs are 
concentrated on the substrate- (air-) side of the film.61 The anisotropic distribution of QWs 
through the film gives rise to the monikers “layered 2D perovskites” and “layered perovskite 
quantum wells.”  
We sought to further characterize the layered nature of these perovskite films by gaining 
access to the distribution of QWs throughout the thickness of the film rather than just the very 
top and bottom. To achieve this, we applied focused ion beam (FIB) milling to layered 
perovskite films. FIB milling is a process whereby accelerated Ga+ ions bombard a sample, thus 
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stripping away portions of the material. This technique is a highly tunable means of selectively 
etching areas of a material with high precision and is widely used in nanofabrication pursuits.68 
By varying the strength of the ion beam and the interaction time with the sample, we were able 
to mill areas of the layered perovskite film to a variety of depths. Measuring the linear 
absorbance as a function of mill depth provided access to the gradient in QW concentrations 
throughout the full thickness of the film. This experiment revealed that the smallest QWs are 
effectively absent from the top ~150 nm of the film, thereby confirming observations from 
fluorescence measurements.61 The concentration gradient in the layered perovskite films is 
illustrated in Figure 1.5.  
 
Figure 1.5. The vertical distribution of QWs in a layered perovskite film.  The smallest quantum wells are 
most highly concentrated on the substrate side and have minimal concentration in the top ~150 nm of the 
film. The concentration of the largest QWs decreases isotropically with depth.  
 
Throughout this dissertation, we will distinguish between the stoichiometric ratio of the 
precursor and the individual QWs with the following convention: the QW targeted via chemical 
preparation is denoted Nmax (such as Nmax=2 in the example above), while a QW of a particular 
thickness will be donated with lowercase, n. 
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Due to the inverse relationship between the thickness of the QW and the optical band 
gap, the QWs within a layered perovskite film form an energy gradient. A schematic of the QW 
energy levels are presented in Figure 1.6.  
 
Figure 1.6. Energy gap diagrams for the perovskite QWs present in a layered perovskite film. The 
alignment of the QW energies is such that electrons (e-) may transfer from the smallest to largest QWs, 
while holes (h+) are expected to move in the opposite direction. The QW energy gaps decrease as n 
increases, resulting in a downhill energetic scheme. Energy is transferred from the highest energy gap QWs 
to lower energy gap QWs, and excitations ultimately concentrate at the n=∞, or bulk, components.  
 
 
The energy gradient produced by the QWs within the layered perovskite films suggests 
the possibility of both charge and energy transfer. Indeed, time-resolved studies have assigned 
the observed dynamics within layered perovskite films to energy transfer, charge transfer, or 
some combination thereof.39, 40, 42-44, 54, 59-61, 65-67, 69 In this dissertation, we demonstrate that 
signals generated during ultrafast TA and 2DTA experiments are consistent with energy transfer 
mechanisms. This energy transfer cascade is not only downhill but also directional given the 
layered nature of the perovskite films. When the glass-side of the layered perovskite film is 
photo-excited, those excitations will funnel from the QWs with the largest bandgaps at the back 
towards the smallest bandgap QWs concentrated on the front. This behavior is analogous to the 
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energy funnels present in many biological systems, such as phycobilisome light-harvesting 
proteins in cyanobacteria.70 
In Chapter 4, we describe how 2DTA spectra and dynamics are fully captured with an 
excitonic basis set and Förster-type energy transfer kinetics. Further, application of a Frenkel 
exciton model demonstrates that reported signatures of hole transfer result from strong inter-QW 
coupling rather than ultrafast charge transfer.     
1.5 Diffusion and Recombination in Bulk and Layered 2D Perovskites 
After photoexcitation, the charge carriers in perovskite materials can undergo a variety of 
processes that either enhance or limit the overall efficiency of a perovskite-based photovoltaic 
device. In bulk MAPbI3, photoexcitation produces a majority of free electrons and holes due to 
the low exciton binding energy exhibited by the material.71 These free carriers can then undergo 
diffusion, displayed at left in Figure 1.7, towards their respective electrodes in order to 
successfully convert absorbed light energy to photocurrent and boost the overall efficiency of the 
device. Longer diffusion lengths indicate a potential for higher PCE; as a result, diffusion lengths 
and diffusivities are important metrics for evaluating the quality of a photovoltaic cell. In fact, 
bulk MAPbI3 perovskites have previously demonstrated exceptional carrier diffusion lengths,
4, 12, 
72-75 in some cases greater than 175 mm.76 Similarly, carrier diffusivities ranging from 0.02-1.77 
cm2/s have been experimentally determined.73-75, 77, 78  In contrast, fewer studies have examined 
the carrier diffusion lengths and diffusivities in devices based on 2D perovskites. Carrier 
diffusion has been generally characterized as a non-dominant mechanism in devices,79 and 
studies of layered 2D perovskite films indicate that the diffusion length decreases with the size of 
the quantum well.62 While these studies offer a comparison of diffusivities across materials, the 
extent to which grain boundaries affect the diffusion lengths in both bulk and 2D perovskites was 
previously unclear. Further, it was unknown whether the identity of the material (bulk versus 2D 
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perovskites) has a stronger effect on the diffusion length as compared to the morphology of the 
material (e.g. presence of grain boundaries).  
 
Figure 1.7. A perovskite film in which diffusion (left) and two-body recombination (right) are illustrated. 
After photoexcitation, electrons (black) and holes (white) diffuse away and contribute to the overall PCE 
of the device if they are collected by their respective electrodes. Alternatively, two photoexcited carriers 
can recombine and reduce the overall efficiency of the photovoltaic device. 
 
In addition to diffusion, pathways of carrier recombination significantly affect the overall 
efficiency of perovskite-based devices. For example, first-order recombination depends linearly 
on the carrier concentration and negatively affects the PCE of a photovoltaic device.12, 21, 23, 62, 69, 
80, 81 Radiative bimolecular recombination (shown at right in Figure 1.7), however, should be 
maximized for LED or laser devices in which perovskite is serving as the emitter.40, 41, 43, 45, 82 As 
with diffusion, it was previously unclear whether the identity or morphology of the material 
exerted a stronger influence on such recombination processes. These gaps in the literature are 
addressed within this dissertation. In Chapter 5, diffusion and recombination in bulk MAPbI3 
perovskite films and single crystals are examined using wide-field, DOE-based TAM. In Chapter 
6, the same method is applied to layered perovskite QW films and single crystals.   
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1.6 Application of TAM to Perovskite Single Crystals and Films 
In conventional TA experiments, the pump and probe are focused to spot sizes on the 
order of 100s of microns. In heterogeneous samples like layered perovskite QW films, these 
large spot sizes average over hundreds of grains with different morphologies and different local 
QW concentrations.43, 65, 79, 83, 84 As a result, beams must be focused to sub-micron spot sizes in 
order to access the effect of local morphology on the measured carrier dynamics. Ultrafast TAM 
can be conducted with high spatial and temporal resolution in order to access the processes that 
take place within these small regions. These experiments have been successfully applied a 
number of different sample types, including nanostructures,85-87 semiconductor films,88, 89 
molecular crystals,90 and perovskites films77, 78 and single crystals.74  
 In this dissertation, we apply a wide-field, DOE-based TAM experiment to both bulk and 
layered perovskite QW single crystals and films. Conventional TAM instruments focus both the 
pump and probe beams with the objective and use motorized optics and/or stages to raster scan 
the beams across the sample.91 This approach gathers vital information about the effect of local 
structure on the ultrafast dynamics of the material. Use of a megahertz (MHz) laser system in 
this optical geometry ensures reasonable data acquisition times. In a kiloherz (kHz) laser system, 
such as the one in the Moran lab, this conventional approach necessitates data acquisition times 
at least 1000 times longer due to the slower repetition rate of the laser. For this reason, we 
employ the DOE approach, which splits the pump beam into 41 nearly identical, yet spatially 
displaced, laser beams. The DOE method, illustrated in Figure 1.8, thus allows us to obtain vital 
statistical information about heterogenous samples, such as perovskite films and crystals, with 
orders of magnitude faster data acquisition times as compared to raster scanning the beams.  
 In Chapter 5, we apply this TAM method to bulk MAPbI3 perovskite films and single 
crystals. In addition, the wide-field DOE TAM method is applied in Chapter 6 to layered 
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perovskite QW films and single crystals. Both studies reveal that diffusion dominates the carrier 
dynamics in single crystals, while multi-body recombination reigns supreme in heterogeneous 
thin films.  
 
Figure 1.8. Schematic of the wide-field, DOE-based TAM instrument.  The pump (green) is diffracted 
into 41 different spots and focused by the objective through the substrate side of the sample. The probe 
(red) is focused with a conventional lens onto the front of the sample in a wide-field geometry. The 
transmitted probe passes through the objective and is collected by the CMOS detector. The computer 
image (at left) presents an example of the 41 different TA experiments conducted in parallel on the 
sample surface. This geometry allows us to gather vital statistical information for heterogeneous samples 
while maintaining reasonable data acquisition times with a kHz laser system.  
 
1.7 Dissertation Content 
The first chapter of this dissertation has provided the necessary background and 
motivation for the works contained within it. Chapter 2 describes the theoretical principles 
required for interpretation and analysis of the data presented in Chapters 4-6, including time-
dependent perturbation theory and principles of third-order nonlinear spectroscopy. In Chapter 3, 
technical details of the methods and instruments applied within this dissertation are presented. In 
particular, descriptions of perovskite fabrication (both bulk and layered QWs), as well as the 
motivation and experimental details for 2DTA and wide-field DOE-based TAM, are provided.  
Chapter 4 explores the energy transfer mechanisms at work in layered 2D perovskites. 
Based on 2DTA experiments, the ultrafast dynamics and spectral redshifts observed in 2D 
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perovskites are assigned to energy transfer rather than electron transfer. TA spectra are 
decomposed into component parts and simulated to fully parameterize the system Hamiltonian. 
In addition, energy transfer rate constants are extracted from the experimental data. Further, a 
Frenkel exciton model is employed to demonstrate that signatures of supposed hole transfer 
result instead from strong inter-QW coupling.  
In Chapter 5, a wide-field DOE-based TAM method is developed and applied to MAPbI3 
films and single crystals. The multiplex approach allows for 41 simultaneous TA experiments to 
be conducted in parallel, thus providing valuable statistical information about these heterogenous 
materials. These measurements suggest that grain boundaries present in the film stifle the carrier 
diffusion that is present in the single crystals. As a result, the diffusivities measured for films are 
much lower than those measured in single crystals.  
Chapter 6 returns to studies in layered 2D perovskites. In this chapter, the TAM 
technique described in Chapter 5 is applied to layered perovskite QW films and single crystals. 
As with their bulk counterparts, diffusion is suppressed in the films but dominates the ultrafast 
dynamics exhibited by the crystals. These results suggest that the morphology of the sample and 
the presence of grain boundaries governs the diffusion length regardless of the identity of the 
material. In addition, the rate of two-body recombination is found to directly correlate with the 
size of the quantum well, such that QWs with lower exciton binding energies present larger two-
body recombination rates. Chapter 6 also details the results of FIB milling experiments, through 
which the vertical gradient in QW concentrations is characterized.  
Chapter 7 offers concluding remarks on the research presented in previous chapters,   
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along with future directions for this work. While the contents of this dissertation rigorously 
examine the properties and dynamics of perovskite QW films and crystals, the dynamics of full 
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CHAPTER 2: THEORETICAL FRAMEWORK OF THE SPECTROSCOPY AND 
DYNAMICS IN LAYERED PEROVSKITE QUANTUM WELLS 
2.1  Introduction 
Spectroscopic measurements are an invaluable tool for scientists of all fields and are 
especially important for the study of perovskite quantum wells, which consist of portions of a 
bulk perovskite lattice that are quantum confined by an organic insulator. The quantum 
confinement in these materials imparts an electronic structure that is remarkably different from 
that of the individual components and is highly tunable depending on composition.1-15 
Spectroscopic investigations of these materials allow us to better understand the quantum well 
electronic structure,5, 7, 15-18 the role of chemical composition,6, 19-22 and their dynamics on a 
variety of timescales.1, 5, 7, 12, 18 In order to fully appreciate the wealth of information that 
spectroscopic techniques provide, a deeper understanding of the theoretical framework 
describing these methods is required. This chapter provides an introduction to nonlinear 
spectroscopy within the context of application to layered perovskite quantum wells in which 
particular attention is given to transient absorption spectroscopy. 
In optical spectroscopy, measurements are defined as linear when there is a weak 
interaction between a material and a weak incident radiation field, such as the field emitted by a 
lamp or other continuous light source.23, 24 Ultraviolet-visible (UV-Vis) absorbance spectroscopy 
is an example of a linear spectroscopic technique, as the material responds linearly to the 
incident electromagnetic field. A spectroscopic method is considered nonlinear in the case of 
either a very intense applied radiation field or the interaction of matter with multiple radiation 
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fields.24 In these scenarios, we must employ higher-order time-dependent perturbation theory 
(TDPT) to accurately describe the nonlinear response of the material to the applied field(s).24, 25  
Nonlinear spectroscopy provides critical information about the electronic structure and 
excited-state dynamics exhibited by a material.23-25 In these experiments, multiple interactions 
between light and the material of interest, referred to as field-matter interactions, promote 
electronic transitions between ground and excited states, as well as transitions into higher-energy 
excited states.24 As a result, information regarding the electronic structure of the sample, 
including the energies of these excited states, may be accessed. In transient absorption (TA) 
experiments, the experimentally-controlled delay between the pump and probe field-matter 
interactions allows us to monitor the evolution of the excited state population.7, 26-29 Measuring 
the response of the material as a function of this delay uncovers the excited state dynamics at 
work within the system. For perovskite quantum wells, TA provides access to diffusion and 
recombination processes occurring within the material.5, 30-38 In addition to tracking the dynamics 
within individual quantum wells, TA measurements can capture fundamental information 
regarding the interactions between quantum wells in layered thin films. For example, the 
timescales of energy transfer and charge transfer in layered perovskites can be quantified by 
analyzing TA signals.1, 7, 12, 31, 39  
2.2 Electronic Structure of Layered Perovskite Quantum Wells 
When a molecule undergoes resonant photoexcitation, an electron is typically excited 
from the highest occupied molecular orbital to the lowest unoccupied molecular orbital.23 In 
materials with extended symmetry or a periodic crystal lattice, such as crystalline perovskites, 
the electronic states are well-described as a continuum, which are known as bands. As a result, 
resonant photoexcitation of  perovskites promotes an electron from the valence band to the 
empty conduction band, leaving behind a hole in the valence band.40  
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While layered perovskite quantum wells exhibit band structure, the electronic structure 
of these materials is complicated by the nanoscale regions of space to which the electron and 
hole are confined.40 Coulomb’s law states that the strength of the interaction, F,  between two 







 . (2.1) 
In perovskite quantum wells, the Coulombic force exerted by the photogenerated electron and 
hole on one another is enhanced because the two charges are necessarily closer than if they were 
not quantum confined. As r is decreased, the magnitude of the Coulombic interaction between 
the electron and hole is increased. In this scenario, the two become bound together into what is 
known as an exciton.40  
We can better understand the behavior of excitons by drawing an analogy to the 
hydrogen atom: both consist of an electron and a positive charge (proton or hole) that experience 
a Coulombic potential. In fact, the excitonic Hamiltonian adopts exactly the same functional 










= −  −  (2.2)  
where  is the reduced mass of the exciton/hydrogen atom,  is the Laplacian operator in 
spherical coordinates, e is the elementary charge, and r is defined as the relative coordinate 
between the electron and hole or electron and proton.40, 41 Solving the Schrödinger equation 
produces hydrogenic wavefunctions, ( , , )NLM r   , as the eigenstates of the Hamiltonian, such 
that  
 ( , , ) ( ) ( , )NLM NL LMr R r Y    =  (2.3) 
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where N is the principle quantum number (distinct from lowercase n, which refers to the 
quantum well index/number of perovskite lattice layers); L is the angular momentum quantum 
number (distinct from lowercase l, which refers to the sample pathlength); M is the magnetic 
quantum number (distinct from lowercase m, which refers to mass); RNL is the radial portion of 
the wavefunction; and YLM are the spherical harmonics.
40, 41 The energies associated with each 







= −  (2.4) 
where Eg is the bandgap of the unconfined perovskite (i.e. bulk material), which is obtained 
through solving the Schrodinger equation for the electron and hole individually, and R* is a 
modified Rydberg constant scaled by the mass of the exciton.40 The second term in Equation 
(2.4) is known as the exciton binding energy, which represents the strength of the interaction 
between the electron and hole. Notably, the exciton binding energy is inversely proportional to 
the square of the principle quantum number, N. We can understand this behavior in the context 
of the hydrogen atom: as N increases, the average distance between the proton and the electron 
increases, such that the Coulombic potential between the two is weaker according to Equation 
(2.1). The same is true for the exciton, which is defined by hydrogen-like wavefunctions. As the 
distance between the electron and hole is increased, they are less tightly bound together; as a 
result, the exciton binding energy decreases.  
 The exciton binding energy present in layered perovskite quantum wells is even larger 
than the typical hydrogenic model predicts.2, 4, 42-45 The reduced dimensionality of the quantum 
well effectively restricts the Coulombic potential between the positive and negative charges to 
two dimensions—the plane of the pseudo-2D perovskite lattice—rather than the usual three (i.e.
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r ,  , and  ). When we restrict the hydrogenic Hamiltonian to two dimensions, we arrive at the 
following expression for the Schrödinger equation:46 
 









r r r r r
   
  
  −   
+ + − =  
    
. (2.5) 
Solving Equation (2.5) yields wavefunctions that are separable in the radial and angular 
components, 








 =  (2.7) 
and L = 0, ±1, ±2,… .46 The energy eigenvalues associated with these hydrogenic wavefunctions 















To determine the energetic effects of restricting the dimensionality of the hydrogen atom, 

















where N is the principle quantum number. Based on this ratio, the two-dimensional confinement 
of an N=1 state produces an energy that is four times larger than for the 3D case (see Figure 1.3 
for a graphical depiction of this ratio). In the limit that N is large, the ratio of the 2D energy to 
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the 3D energy approaches unity. As a result, larger values of N (i.e. larger average distances 
between the hydrogen proton and electron) produce quasi-3D energy levels.46, 47  
 A similar trend has been observed experimentally in perovskite quantum wells, in which 
the exciton binding energy is inversely proportional to the size of the quantum well.2, 48 In the 
context of the hydrogen atom, this result is not surprising. As the volume through which the 
positive and negative charges interact is reduced, the energies of the system are increased by as 
much as a factor of 4.46 For excitons in perovskite quantum wells, this energetic increase 
corresponds to an increase in the exciton binding energy.40 Therefore, the most strongly confined 
quantum wells have the highest exciton binding energies,2 while the exciton binding energy for 
the bulk material is very small.48 In fact, the smallest quantum wells have such a high exciton 
binding energy that they frequently form biexcitons—two sets of bound electron-hole pairs 
which are bound to each other.49 
 As we begin discussing the optical spectroscopy of perovskite quantum wells, it will be 
useful to define the basis set through which we will analyze and decompose the spectroscopic 
signals. These quantum wells exhibit exciton binding energies much greater than 
Bk T ,
50 such 
that the spectra are dominated by excitonic transitions rather than free carriers.40 Because 
nonlinear spectroscopy can access resonances between excited states24 and the smallest quantum 
wells possess such high exciton binding energies (100s of meV for n <6, where n is the quantum 
well index),50 doubly-excited biexciton states are expected to significantly contribute to the 
spectroscopic response.5, 7 As a result, we will employ the basis set pictured in Figure 2.1 to 
describe the spectroscopic signals discussed within this dissertation; the energy of the transition 
between ground and single exciton states for quantum well n are given by 
,eg n , while single 
exciton to biexciton transitions are parameterized by the energy 
,fe n . 
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Figure 2.1. The basis set used in analysis of the spectroscopic resonances reported in this dissertation. For 
each quantum well (n=1, 2, …, ∞), there exists a ground (blue), single exciton (green), and biexciton 
(purple) state. The energy gaps for transitions between the ground and single exciton states are shown as 
,eg n
 , while the energy gaps for the transitions between the single exciton and biexciton states are 
indicated by 
,fe n
 . Biexcitons that are delocalized across quantum wells are not considered in this basis 
set, as their contribution will be weak due to the required proximity of the quantum wells. On the other 
hand, doubly-excited quantum wells readily occur and contribute more significantly to the overall 
response of the system.  
 
2.3 Principles of Nonlinear Spectroscopy 
Interaction of a material with an incident electromagnetic field is modelled as a time-
dependent potential applied to the unperturbed system. We assume these field-matter interactions 
are small compared to the forces acting on the system in the absence of the applied field.23 This 
assumption is reasonable given that the off-diagonal coupling between the diagonal components 
of the overall Hamiltonian are small compared to the energy gap between these states.23-25 
Furthermore, experimental tests to ensure that perturbative treatment is appropriate are presented 
within Chapters 4-6.5, 7, 34  As a result, we treat the incident radiation as a time-dependent 
perturbation.  
Using TDPT, we can partition the general Hamiltonian from the time-dependent 
Schrödinger equation (2.10) into time-independent and time-dependent contributions (2.11) : 
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where 0Ĥ is the zeroth-order, time-independent Hamiltonian, 
ˆ ( )H t is the time-dependent 
perturbation, and   tracks the order of the perturbation. The zeroth-order Hamiltonian 




n n nH E = , (2.12) 
such that n  is the basis set within which transitions occur. The zeroth-order Hamiltonian is a 
diagonal matrix, consisting only of eigenvalues of the states within our basis set. For layered 
perovskite quantum wells, this basis set consists of the ground, single exciton, and biexciton 
states presented in Figure 2.1. The perturbative Hamiltonian is defined as  
 ˆ ˆ( ) ( )H t E t = −   (2.13) 
where ̂ is the transition dipole operator and ( )E t is the applied electric field.41 The resulting 
matrix consists only of off-diagonal components that couple the diagonal states, thereby 
facilitating small changes in their populations.  
In nonlinear spectroscopy, multiple field-matter interactions necessitate the application of 
higher-order perturbation theory.24, 25 In order to compute the signal obtained during a nonlinear 
spectroscopic experiment, it is useful to first introduce the concept of the density matrix, ̂ : 
 ˆ( ) ( ) ( )t t t =   , (2.14) 
where ( )t is the wavefunction that completely describes all aspects of our system. Use of the 
density matrix enables us to readily differentiate the contributions of diagonal and off-diagonal 
elements within our system of interest, which are not so obvious in the wavefunction approach.  
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Diagonal elements (i.e. elements of the density matrix for which m=m, where state m is within 
our basis set) are known as populations. For an equilibrium system, these elements of the density 
matrix are simply equal to the Boltzmann populations of the various states in our basis set. Off-
diagonal elements, which correspond to portions of the density matrix for which m≠n, are known 
as coherences. Such coherences result from a superposition of states within our basis set and are 
defined as follows: 
 *( ) exp( )mn m n mnt c c i t = − , (2.15) 
where m and n are elements of our complete basis set.24, 25   
Using the time-dependent Schrödinger equation, we can determine the time dependence 
of the density matrix, which produces a result known as the quantum Liouville equation:25 
 








In other words, the time derivative of the density matrix is proportional to the commutator 
between the Hamiltonian and the density matrix.25 The quantum Liouville equation is analogous 
to the time-dependent Schrodinger equation but defines the time-dependence of the density 
matrix rather than that of the wavefunction. The information provided by this method is 
equivalent to the information that is obtained when using the Schrödinger equation.25  
Just as we would with the state vector, we begin by expanding the density matrix 
element, mn , in orders of the perturbation,  : 
 (0) (1) 2 (2)( ) ( ) ( ) ( ) ...mn mn mn mnt t t t    = + + + . (2.17) 
Substitution of the expanded density matrix element into Equation (2.16) yields a hierarchy of 
equations with different orders of  . Collecting terms in the same order of   results in a 
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( 1)ˆ ( ), ( )NH t t − 
  is the commutator between the perturbative Hamiltonian and the (N-1)
th 
density matrix. Notably, Equation (2.18) is a recursive formula, such that the time dependence of 
the Nth-order density matrix is defined in terms of the (N-1)th-order density matrix. This is 
recursive relationship is more explicitly defined after integrating, which yields  
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    = − − , (2.19) 
such that ( ) /mn m nE E = − .
24, 25  
In its current form, the density matrix element is evaluated at particular times, t, when 
interactions between incident electric fields and our material occur. It is more convenient, 
however, to consider the time intervals between field-matter interactions. As a result, we perform 
a change of variable on Equation (2.19) such that  
 
Nt t t= − , (2.20) 
where Nt  is the N
th time interval between the (N-1)th and Nth field-matter interactions. This 
change of variable yields the following expression for the density matrix element:  
 
( ) ( 1)
0
ˆ( ) [ ( ), ( )] exp( )N Nmn m N N n mn N N
i
t H t t t t i t dt    

−− = − − − . (2.21) 
In nonlinear spectroscopy, the polarization is the macroscopic observable of interest, as it 
is proportional to the signal field. To account for multiple field-matter interactions, the 
polarization must be treated with higher-order perturbation theory and accordingly expanded: 
 (1) (2) (3)( ) ( ) ( ) ( ) ...P t P t P t P t= + + + , (2.22) 
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where ( )NP refers to the polarization induced by the Nth field. Using the density matrix, 
determining the induced polarization of arbitrary order is a trivial matter. In general,  
 ( ) ( )ˆ( ) [ ( )]N NP t Tr t=  (2.23) 
where Tr is the trace over the electronic transition dipole moment operator acting on the density 
matrix.24 The transition dipole moment can therefore be understood as the matrix element for the 
transition between the initial state, gn, and final state, en, within our basis: 
 , ˆeg n n ne g = . (2.24) 
For the excitonic transitions in layered perovskite quantum wells, we define the transition dipole 
moment between ground and single exciton states as 
,eg n , where e (g) is a single exciton 
(ground) state for quantum well n. Similarly, the transition dipole moment between the single 
exciton and biexciton states is defined as 
,fe n , where f is a biexciton state for quantum well n.
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 Because the Nth order density matrix is defined by a recursive commutation relationship, 
the formula for the induced polarization within a material can quickly become intractable. 
Although the density matrix method is more convenient than the wavefunction approach, we 
must still evaluate 2N nested commutators in order to access the Nth order polarization. For 
higher-order nonlinear spectroscopies, we can avoid such lengthy equations by turning to 
Feynman diagrams, which make use of graph theory in order to reduce the number of algebraic 
steps necessary to obtain our desired polarization expression.24  
2.4 Feynman Diagrams and Response Functions 
Feynman diagrams are an example of diagrammatic perturbation theory, which facilitates 
a more intuitive view of field-matter interactions as compared to the equations presented in 
Section 2.3, all while arriving at the same information. Using this method, we can visualize 
various elements of the density matrix and track their interactions with applied fields as a 
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function of time.24 To begin, we will enumerate the general rules and procedure for drawing a 
Feynman diagram. With our Feynman diagram in hand, we will explore the concept of a 
response function and detail how Feynman diagrams are used in their construction.  
 As with our previous exploration of TDPT, our Feynman diagrams will be constructed in 
the excitonic basis set outlined in Section 2.2. For convenience, we will also adopt the shorthand 
notation used in Section 2.3 for the ground (gn), single exciton (en), and biexciton (fn) states of 
quantum well n. The general structure of the Feynman diagram is like a ladder where time 
advances from the bottom to the top, and each “rung” of the ladder represents a certain time 
interval, tN. The left side of the ladder corresponds to kets, while bras are on the right. It is 
important to note that the rules presented herein select for resonant terms of the response; off-
resonant terms are neglected with these methods.  
 Rules for constructing Feynman diagrams are as follows:24 
a) The Feynman diagram must begin and end in a population. Recall from Section 2.3 
that populations correspond to density matrix elements, mn , for which m=n. In this 
context, a population is signified by the same state index within both the bra and the 
ket (e.g. 1 1g g is a ground state population within quantum well n=1). 
b) A transition dipole matrix element is associated with each field-matter interaction. If 
a nonlinear spectroscopy experiment is given by the Nth order polarization, N+1 
transition dipole matrix elements are written for each Feynman diagram. The extra 
matrix element corresponds to signal emission.  
c) A propagation function can be written for each time interval between field-matter 
interactions. For an interaction that changes the state index from m to n during the 
time interval tN, we write the following propagation function: 
38 
 ( ) ( )exp( )mn N N mn N mn NI t t i t t = − −   (2.25) 
where ( )Nt is the Heaviside step function,
25 mn is the frequency difference between 
states m and n, and mn is a damping constant that represents the relaxation of various 
elements of the density matrix during the time interval,24 tN (i.e. the homogeneous 
linewidth25). 
d) Arrows that point toward the Feynman diagram change the state index so that energy 
increases. Arrows that point outward from the Feynman diagram change the state 
index such that energy decreases. Conventionally, the last interaction (i.e. the signal) 
always points outward on the left side of the diagram.  
e) Arrows pointing to the right represent positive wavevectors, while arrows pointing to 
the left are negative wavevectors.  
f) A sum of all of the incident wavevectors, including appropriate signs, produces the 
wavevector of the signal field. The sign of the signal is positive if there is an even 
number of interactions with the bra (right) but negative if is there is an odd number of 
interactions with the bra.  
g) The response function, 
1 2( , ,..., )NR t t t , is written as the product of the N+1 transition 
dipole matrix elements and the N propagation functions associated with each time 
interval. For every unique Feynman diagram, we can write a unique response 
function.  
To demonstrate the construction and interpretation of a Feynman diagram, we will 
consider the diagram given in Figure 2.2, which represents a linear absorption process in 
quantum well n. 
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Figure 2.2. A Feynman diagram corresponding to the linear absorption of a perovskite quantum well with 
index n and basis set given on the right. Interaction with E1, the applied radiation field, creates a 
coherence between the ground and single exciton states. After the time interval, t1, signal emission, ES, 
restores the ground state population within this diagram.  
 
 
In a linear absorption process, the first incident field, E1, establishes a coherence between 
the ground and excited electronic states. Once this coherence dephases, signal emission, ES, 
occurs at the resonance between states en and gn. The response function associated with this 




1 , , 1 , 1 , 1 , 1( ) ( ) ( ) exp( )eg n eg n eg n eg n eg nR t I t t i t t   = = − − , (2.26) 
where 
,eg n is the transition dipole matrix element, which is squared because both E1 and Es 
involve a transition between states en and gn.  
For nonlinear spectroscopies at higher orders of perturbation theory, the form of the 
response function is potentially complicated due to correlated dynamics during the time intervals 
between field-matter interactions.24, 25 The dynamics under investigation within this dissertation 
occur on timescales much longer than those associated with vibrational relaxation.5, 7, 34 As a 
result, we can write our multivariable nonlinear response functions as a product of one-
dimensional propagation functions. In this limit, the method of formulating Feynman diagrams 
and response functions outlined above may be generally applied to all orders of perturbation 
theory.  
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2.5 Transient Absorption Spectroscopy 
Transient absorption (TA) spectroscopy is a nonlinear optical technique that is third-order 
in perturbation theory. Using Equation (2.23), we can write the third-order polarization such that 
                        (3) (3)ˆ( ) [ ( )]P t Tr t= , (2.27) 
where (3) ( )t is defined recursively according to Equation (2.21).24 Based on the spectroscopic 
definition of the perturbative Hamiltonian (Equation (2.13)), we can arrive at the following 
formula for the third-order polarization, which is proportional to the TA signal: 
 ( ) ( ) ( ) ( )(3) (3)1 2 3 1 2 3 3 3 2 3 2 1 3 2 13
0 0 0
( ) , ,
i
P t dt dt dt R t t t E t t E t t t E t t t t
  
−
= − − − − − −   . (2.28) 
In order to write the full TA response function, ( )(3) 1 2 3, ,R t t t , we will again turn to Feynman 
diagrams to express the different combinations of field-matter interactions that may occur during 
a TA experiment.  
 Using the same excitonic basis set established in previous sections, Figure 2.3 shows 
three Feynman diagrams that use the gn, en, and fn shorthand notation. The response functions are 
written in terms of a general quantum well, n, for simplicity; each diagram may be reproduced 
for all quantum wells within our basis set. In addition, three more diagrams may be constructed 
for each quantum well n in which the order of interactions with fields E1 and E2 are reversed. For 
simplicity, only diagrams in which interactions with E1 occur before interactions with E2 are 
presented in Figure 2.3. 
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Figure 2.3. Feynman diagrams showing three possible signal generation pathways during a TA 
experiment. In this experiment, t2 is the experimentally-controlled delay time between the pump (E1 and 
E2) and the probe (E3). a) The presented field-matter interactions contribute to the ground-state bleach 
(GSB) signal component, which monitors the evolution of the ground state population, 
n n
g g , during 
the delay time. In contrast, contributions to the excited state emission (ESE; b) and excited state 
absorption (ESA; c) signal components monitor the excited state population, 
n n
e e , during the delay 
time. ESA signal components provide access to higher-energy electronic structure because of the 
coherence between the single exciton and biexciton states generated during t3. The possibility of 
population transfer has not yet been included, as the signal components presented in this figure will 
dominate at delay times shorter than the timescale of energy transfer.7 d) The energetic scheme associated 
with this basis set is presented. Note that for each Feynman diagram presented (a-c), a second Feynman 
diagram may be drawn in which the order of interactions with fields E1 and E2 is reversed.  
 
 
By applying the same method outlined in Section 2.4, we can write response functions for 
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1 2 3 , , , 1 , 3( , , ) ( ) ( )c eg n fe n eg n fe n
n
R t t t I t I t = , (2.31) 
where we have introduced the sum of quantum well index n in order to account for pathways 
present in all quantum wells within the basis. We must note that the population time, t2, does not 
have an associated propagation function because perturbative corrections to the diagonal 
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elements of the density matrix are generated after the first two field-matter interactions (E1 and 
E2). These elements correspond to populations, which remain unchanged until acted upon by an 
additional perturbation.24, 25  
By convolving the response function for each of these signal components with the 
applied electric fields, as in Equation (2.28), we can obtain the particular polarization 
component.24 Further, we recognize that 
1 2 puE E E=   (fields associated with the pump pulse) 
and 
3 prE E (field associated with the probe pulse), such that 
 ( ) ( ) ( ) ( )(3) (3) *1 2 3 1 2 3 3 3 2 3 2 13
0 0 0
( ) , ,a a pr pu pu
i
P t dt dt dt R t t t E t t E t t t E t t t t
  
−
= − − − − − −   , (2.32) 
where only the polarization associated with Feynman diagram of Figure 2.3a is shown for 
simplicity.  
 So far, the response functions and polarization components presented in this section have 
been fairly general and thus applicable to a wide-variety of systems. By applying a series of 
assumptions and approximations based on the characteristics of perovskite quantum wells, we 
can generate response functions that more closely match the observed behaviors of our samples. 
The nature of these approximations and well-substantiated justifications for their use is presented 
in the proceeding sections.  
 First, we apply the so-called “snapshot limit” from Reference,25 which is built upon the 
following assumptions: 
a) Incident laser pulses can be considered monochromatic, which is reasonable because 
the spectrum of our incident laser pulses is narrow compared to the spectroscopic 
linewidth. 
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b) Applied laser pulses may be considered infinitely short compared to timescale of 
nuclear dynamics. Given the ultrafast duration of our laser pulses (~250 fs) and the 
heavy atoms of the perovskite lattice, this is also a reasonable approximation. In 
addition, neither vibrational modes nor a Stokes shift is considered in our response 
functions.5, 7, 34 
By invoking the snapshot limit, the generated nonlinear signals no longer depend on the laser 
pulse envelope—only frequency. The applied field, ( )lE t , can thus be represented by a simple 
complex exponential, as shown below:23 
 ( ) exp( )l l lE t i t = − . (2.33) 
Further, we can define the time interval between the second and third field-matter 
interactions, t2, as the experimentally controlled delay time, τ, between the pump and the probe. 
This substitution is suitable under the condition that the delay time is long compared to the 
duration of the pulses, which is demonstrated in a schematic of the TA pulse sequence, shown 
below in Figure 2.4. 
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Figure 2.4. The TA pulse sequence utilized to collect the data presented in this dissertation.  The pump 
(Pu) interacts with the sample twice over the time interval t1. The second and third field-matter 
interactions are separated by the time interval t2. The probe (Pr) induces signal emission, which interferes 
with the probe, during the time interval t3. The experimentally-controlled delay, τ, corresponds to the 
delay between the pump and probe pulses in the limit that τ is much longer than the pulse durations. 
 
 
Applying this assumption along with the snapshot limit (Equation (2.33)) to Equation 
(2.32) yields the following expression for the polarization of the signal component in Figure 
2.3a: 
 ( ) ( ) ( )(3) 2 1 3 1 3 3 13
0 0
( ) exp , , expa pu pr pr a pr pu
i
P t i t dt dt R t t i t i t     
 
−
= − +  . (2.34) 
Next, we incorporate the static heterogeneity responsible for the absorbance lineshapes of 
our quantum wells. Typically, Lorentzian propagation functions are used to formulate response 
functions.24 In the case of layered perovskite quantum wells, the heterogeneity in the excitonic 
resonances (e.g. 
,eg n for the ground to single exciton state of quantum well n) does not result 
from fluctuations of the energy gap, so the Lorentzian formulation must be modified.5, 7 By 
convolving the Lorentzian propagation function, 
, ( )eg nI t , with a static Gaussian distribution, we 





























 = − −   
 
= − −    

 (2.35) 
where ,eg n is the inhomogeneous linewidth.
24 We will also assume that , ,eg n eg n   , which is 
clear based on inspection of the spectroscopic lineshapes.5, 7 Substitution of these Gaussian 
propagation functions into Equation (2.34) yields: 
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  (2.36) 
 In TA experiments, it is often more intuitive to express the response functions in the 
frequency domain, in terms of the pump and probe frequencies. For this reason, we Fourier 
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where the propagation functions produce complex spectra due to the one-sided exponentials. 
These spectra are given by  
 
,, ,
( ) ( ) ( )
eg neg n eg n









( ) exp 4ln(2)
eg n
eg n








is the absorptive component of the spectrum. The imaginary part, 
,eg n , represents the dispersive 
component of the spectrum and is given by the Hilbert transform of the absorptive portion.   
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 As mentioned in reference to Figure 2.3, there exists a second Feynman diagram for each 
TA signal component in which the order of interaction with fields E1 and E2 is reversed.
24, 25 
These two Feynman diagrams produce the exact same polarization component, except the sign of 
the 
pu in the first propagation function is reversed because the wavevectors for fields E1 and E2 
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*aP correspond to the non-rephasing and rephasing portions of the TA 
signal, respectively.25 When we take the sum of these two components,  
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 (2.41) 
we arrive at a signal that is purely absorptive in the pump, but still contains both absorptive and 
dispersive components on the probe axis. The sum of these two polarization components 
represents the full GSB response of the system. Similar rephasing and non-rephasing polarization 
components can be constructed for (3) (3)
*( ) ( )b bP t P t+  and 
(3) (3)
*( ) ( )c cP t P t+  to yield the ESE and 
ESA polarization components, respectively.  
The TA experiments discussed within this dissertation are measured by dispersing the 
signal onto a spectrograph. As a result, the signal is detected in the frequency domain, which 
corresponds to a Fourier transform of the polarization given in Equation (2.41): 
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s is the frequency of the signal. Conventionally, the Fourier-transformed polarization is 
defined as a function of the probe frequency, ( )(3)GSB prP  . The resultant polarization is 














= , (2.43) 
where l is the path length and ( )prn  is the frequency-dependent refractive index.
24 A sum over 
the radiated signal field for the three TA signal components produces the full TA signal: 
 ( ) ( ) ( ) ( )(3) (3) (3) (3)Signal pr GSB pr ESE pr ESA prE E E E   = + + . (2.44) 
  In addition to the radiative processes associated with the Feynman diagrams in 
Figure 2.3, we can also account for potential nonradiative population transfer within our 
Feynman diagrams for layered perovskite quantum wells. In particular, energy transfer from the 
single exciton state of quantum well n to that of quantum well m may take place during the 
experimentally controlled delay time,  . We account for this possibility in the Feynman 
diagrams presented in Figure 2.5.  
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Figure 2.5. Two Feynman diagrams corresponding to a) ESE and b) ESA transient absorption signal 
components for a system represented by the basis, c). During the population time, t2, the excited state 
population, 
n n
e e , evolves and can potentially transfer energy to a different excited state, 
m m
e e . 
Note that there is no GSB-like signal component that can contribute to the population transfer pathways, 
as the GSB signal component does not produce an excited state population. In addition to the two 
diagrams shown above, there exists another Feynman diagram associated with both a) and b) in which the 
order of interaction with fields E1 and E2 is reversed.  
 
 
Within the response function, we can introduce two population parameters—the initial 
population, 0
np , and the delay-dependent population, ( )np  , of quantum well n—which are both 
determined by solving coupled differential equations presented in Chapter 4 and Reference7. These 
population terms monitor the number of quantum wells within a particular state of our basis, which 
evolve during population times due to energy transfer.  Including these pathways, the full ESE and ESA 
polarizations may be written as: 
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where τ=t2, and we have accounted for the possibility of population transfer by using the index m 
for the delay-dependent population ( ( )mp  ; see Chapter 4 and Reference
7), transition dipole matrix 
elements (e.g. 
,fe m ), and probe propagation function (e.g. , ( )fe m pr ). As with the GSB in 
Equation (2.43), these polarization components are proportional to their respective radiated signal 
fields. Including the polarization components with energy transfer pathways in the sum given by 
Equation (2.44) produces the full TA signal obtained when measuring layered perovskite quantum 
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CHAPTER 3: EXPERIMENTAL METHODS AND TECHNICAL DETAILS 
3.1 Introduction 
This chapter details the experimental methods used to collect the data presented in 
Chapters 4-6 of this dissertation. Within these studies, transient absorption (TA) spectroscopy 
and microscopy have served as the core techniques. Section 3.2 covers the experimental 
parameters associated with TA spectroscopy, including an overview of the laser system, pulse 
generation, optical pathways, and data processing algorithms, all of which were employed to 
collect the data presented in Chapter 4. While TA is a commonly applied experimental 
technique, the specific parameters of our experiments on layered perovskite quantum wells are 
less common.1-3 In particular, our method for conducting 2DTA relies on an automated method 
for tuning the pump wavelength across the visible spectrum. This narrowband approach differs 
from photon echo-like methods of 2D spectroscopies, which compress broadband laser pulses 
and Fourier transform the responses.4-12 As a result, the motivation for this approach and 
technical details will be explained in Section 3.2.1. 
The TA microscopy (TAM) methods, described in Section 3.3, that are employed in this 
work are different from conventional approaches.13-20 In order to achieve vital statistics while 
maintaining reasonable data acquisition times with our 1-kHz laser system, we developed a 
diffractive optic-based microscope that splits the pump into a fully customizable beam pattern.21-
23 The combination of multiple pump beams with a wide-field probe geometry allows us to 
conduct many TA measurements in parallel, thereby gathering statistical information regarding 
heterogeneous samples like perovskite films. Section 3.3 details the experimental methods used 
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to collect the data presented in Chapters 5 and 6, including pulse generation, optical pathways, 
and data acquisition. The last section of this chapter details the materials and methods required 
for fabrication of both layered perovskite quantum wells and bulk methylammonium lead 
triiodide (MAPbI3) films.  
3.2 Transient Absorption Spectroscopy 
As mentioned in previous chapters, TA spectroscopy consists of pump and probe pulses 
that interact with a sample to produce a third-order nonlinear response.24 This section outlines 
the particular experimental conditions used to measure the perovskite quantum well responses 
presented in Chapter 4. For TA spectroscopy, these topics include pump generation and 
selection, optical pathways, as well as data acquisition routines and electronics. 
3.2.1 Pump Generation and Selection  
All of the ultrafast optical experiments presented in this dissertation are based on laser 
pulses from the same Coherent Libra—an amplified laser system providing 4-mJ laser pulses 
centered at 810 nm. Each pulse has a temporal duration of ~45 fs and are emitted from the 
system at a 1-kHz repetition rate.  
For both the conventional TA and 2DTA experiments reported in Chapter 4, the pump 
pulse is tunable throughout the visible range (~450-750 nm). In order to convert the 810-nm laser 
pulses emitted by our laser system into white light, we employ a filamentation process. To begin, 
approximately half of the energy from the fundamental of our laser system is focused into a 
chamber pressurized with argon gas. The filamentation process is illustrated in Figure 3.1, in 
which self-focusing and plasma-induced defocusing compete and produce a semi-collimated 
beam over the course of the ~6 inch filament.25  
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Figure 3.1. The filamentation process, which produces a white-light continuum, is illustrated. As the 810-
nm fundamental (red) is focused into the chamber, the intensity-dependent refractive index is greatest at 
the center of the Gaussian beam profile, creating a self-focusing effect (teal). This process leads to plasma 
formation, which defocuses the beam profile (purple). These two processes compete over the length of the 
filament, producing a quasi-collimated beam profile.25   
 
Through a series of self-focusing, plasma-forming, and defocusing steps, the 
filamentation process produces white light given by the spectrum in Figure 3.2. Because 
filamentation is not perfectly efficient,25 a dichroic mirror is placed after the argon-pressurized 
cell to remove the excess near-infrared (NIR) components that dominate the resultant spectrum.  
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Figure 3.2. The spectrum of the white light produced by focusing a portion of the fundamental laser beam 
into a chamber of pressurized argon.  This process is responsible for the tunability of the pump pulse 
throughout the visible range. It is important to note that the filamentation process is not perfectly efficient, 
and thus the spectrum is dominated by contributions from residual 810-nm light. To mitigate this, an 
interference filter with 750-nm cut-on has been inserted after the exit window of the filamentation cell.  
 
 
In Fourier-transform multidimensional spectroscopies, a broadband pulse is compressed 
to femtosecond timescales so that the linewidth of the material’s response governs the time and 
frequency resolution of the experiment.4-6, 9-11 Such an approach is necessary when studying 
materials with significant sub-picosecond dynamics or contributions from electronic and/or 
vibrational coherences. In the case of perovskites, however, the dynamics of interest occur on the 
timescale of picoseconds or longer.26-30 For this reason, we chose to avoid the technical 
difficulties and potential for spectral artifacts associated with these Fourier transform methods7, 8, 
31 by employing a tunable narrowband approach. In our experiments, we generate the white light 
pulse shown in Figure 3.2 to serve as the basis of our pump pulses. Instead of attempting to 
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compress this ultrabroadband pulse down to less <5 fs duration—the transform-limited duration 
for this degree of spectral coverage—we disperse the white light into its visible components and 
tune the frequency of the pump pulse. This frequency-domain method has been successfully 
applied by other multidimensional spectroscopists1-3, 32 and is described in detail below.    
In order to achieve narrowband pump pulses, we must first disperse the white light into 
its component parts, then select the specific frequency we wish to use. This is accomplished by a 
4F wavelength filter—a particular optical geometry that gets its name from operating over a 
distance of four times the focal length of the concave mirror employed in the setup.33 The 




Figure 3.3. a) A top-down view of the 4F.  The white light (white/gray) enters the 4F and is dispersed 
into its component colors by the grating. The spherical mirror reflects the dispersed components 
(rainbow) to the elliptical mirror, which is partly masked by a motorized slit. This slit selects a particular 
wavelength and bandwidth of the white light that will serve as the pump pulse (orange). b) The height 
differential between the incoming white light and outgoing narrowband pulse (dashed orange) is more 
clearly depicted in this photo of an operational 4F. The downward angle of the elliptical mirror allows the 
selected pump pulse to be sent out of the 4F and to the sample area at a lower height than the incoming 
beam. The output pulses are typically 5-10 nm in bandwidth with 250-fs duration. In this scenario, the 
narrowband pulses are transform-limited because the effects of dispersion are negligible across such a 
narrow spectral range.34  
 
 
After the interference filter, the white light is passed into the 4F by a silver flat mirror at 
the entrance/exit. For this application, silver coatings are preferred due to the negligible 
wavelength-dependence of their efficiencies. The mirror then reflects the white light onto a 
grating, which disperses it into component colors. The dispersed beam is collected by a spherical 
mirror (at right) with a diameter wide enough to capture the first-order diffraction pattern 
produced by the grating. Next, the white-light spectrum is reflected onto the elliptical mirror at 
left, which is partially obscured by a motorized slit at the Fourier plane. Again, this particular 
optic is selected in order to fully capture the first-order diffraction pattern from the grating. The 
motorized slit selects the particular wavelength of visible light that will serve as the pump pulse. 
The pump bandwidth (i.e. changes in the wavelength resolution on the pump axis) is controlled 
by the tunable width of the slit, and the motorized stage allows us to rapidly cycle through the 
entire visible spectrum. Only the portion of white light that is not masked by the slit passes onto 
the elliptical mirror, which then reflects the selected beam back to the spherical mirror at a lower 
height than the entrance pathway. This height differential is key to isolating the desired pump at 
the entrance/exit of our 4F. After the spherical mirror, the selected beam is reflected back onto 
the grating and is then passed out of the 4F by the silver flat mirror. From there, the selected 
pump beam is picked up and reflected down to the sample area.  
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Typical TA experiments presented in this dissertation are conducted using a pump 
bandwidth between 5 and 10 nm at FWHM. The duration of these narrowband pulses is 
approximately 250 fs, and they are well-approximated as transform-limited because dispersion 
negligibly affects pulses with such a narrow bandwidth.26, 34 Further, any timing difference 
between pump pulses of different wavelengths has been addressed by programming the variable 
delay stage to shift by a certain amount for a given pump pulse. This compensation establishes 
the exact same delay axis for all pump wavelengths.26  
The bandwidth tunability in this setup allows us to carefully design each experiment with 
a pump bandwidth that produces the highest possible frequency resolution for a particular 
sample. To accomplish this, we tune the bandwidth of the pump pulse such that the resolution of 
the experiment is controlled by line-broadening mechanisms within the material, not the 
bandwidth of the pump pulse. For example, 2DTA results collected under varied pump 
bandwidth conditions for layered perovskite quantum wells demonstrated that, for pump 
bandwidths smaller than 5 nm, there were no significant differences across TA spectra.26  To 
illustrate the tunability of the pump pulse, Figure 3.4 shows the spectra of 11 pump pulses with 
10 nm FWHM that cover the visible range from 500 nm to 700 nm. In an experiment given by 
these pump parameters, the motorized slit translates across the Fourier plane to perform 
experiments with each of these individual pump pulses.  
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Figure 3.4. Spectra for the tunable pump pulse over the range of 500-700 nm with a 10 nm FWHM 
bandwidth.  Over the course of an experiment, the motorized slit translates across the Fourier plane such 
that one of these 11 pump profiles is selected (e.g. 500 nm). After the TA data for that pump pulse has 
been recorded, the slit proceeds to the next pump wavelength (e.g. 510 nm). For the 2DTA data presented 
in Chapter 4, the pump bandwidth is 5 nm at FWHM.  
  
 
3.2.2 Optical Pathways 
The sample area is the heart of the TA spectroscopy experiment. A schematic of the 
optical pathways leading to the sample position is presented in Figure 3.5.  
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Figure 3.5. A schematic of the optical pathways near the sample position in a TA spectroscopy 
experiment.  A beam splitter creates separate pathways for the pump and probe, which are both based on 
the 810-nm fundamental. After the narrowband pump is created, a series of flat mirrors guide the beam 
through an optical chopper to modulate its frequency. A concave mirror focuses the pump onto the 
sample plane. The probe is passed onto the delay stage by a series of flat mirrors in order to delay its 
arrival at the sample position from that of the pump. After the stage, a second optical chopper modulates 
the frequency of the probe pulse. At this point, a lens focuses the low-energy 810-nm beam onto a 
sapphire in order to generate the white light probe. The continuum probe is then focused to the sample 
position by a concave mirror to avoid further temporal broadening. The transmitted probe is collected by 
the masked optical fiber and measured by the spectrometer. The computer displays the resultant signal 
waveform.   
 
 
 The pump and probe beams are both derived from the 810-nm fundamental emitted from 
the laser system. While ~1.5 mJ of the fundamental is used to generate the visible pump, 
approximately 2 µJ is required to generate the white light probe beam. Because the TA signal is 
independent of the probe intensity,26 it is not necessary to generate such a high-powered probe 
pulse. After passing through the variable delay line, this portion of the 810-nm beam passes 
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through an optical chopper in order to modulate the pulse frequency from 1 kHz to 500 Hz. The 
beam is then focused via a conventional lens onto a sapphire plate (3-mm thick) to produce the 
white light probe pulse, such that we obtain frequency resolution on both the pump and probe 
axes.35 The resultant white light is relayed to the sample plane by a concave mirror to prevent 
further temporal broadening.34 The duration of the continuum probe pulse is on the order of 500 
fs, which determines the time resolution of our TA experiments.26  
After the pump color has been selected in the 4F, it also passes through an optical 
chopper for frequency modulation. The pump frequency is reduced to 250 Hz in order to create a 
series of four signal conditions that lead to an artifact-free measurement (see Section 3.2.3). The 
chopped pump is focused by another concave mirror to the sample plane. The crossing angle of 
the pump and probe beams is engineered to be less than 5 degrees in order to obtain a high-
quality transient absorption signal. In addition, the size of the focused pump spot when incident 
on the sample is adjusted to be the same size or slightly larger than the probe spot to further 
optimize the nonlinear signal intensity.36 Upon interaction with the sample, the transmitted 
probe/signal is collected by a fiber, which relays the signal to the ultrafast spectrometer. Pump 
scattering artifacts, however, are blocked from entering the fiber by a mask that is tightened 
around the probe beam profile. 
3.2.3 Data Acquisition 
The TA and 2DTA signals presented in Chapter 4 are isolated by employing a custom 
combination of electronics hardware and data acquisition software. The hardware used to 
conduct these measurements is presented in Figure 3.6, along with the flow of information 
between the various components.  
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Figure 3.6. The hardware used to collect the TA signals presented in Chapter 4. The laser is connected to 
the pump optical chopper and sends a 1-kHz electronic signal (red) to trigger it. The pump chopper 
modulates this frequency down to 250 Hz, then sends the lower frequency signal (blue) to both the probe 
chopper and the counter. The probe chopper modulates the frequency of the probe beam back up to 500 
Hz. The counter sends these digital trigger signals (purple) to the computer, which then communicates 
with the DAQ board to read the data from the spectrometer. The spectrometer sends an analog signal 
(green) to the DAQ board, which converts the data to a digital format that the computer can interpret. This 
combination of hardware components ensures accurate timing of our measurements. 
 
 
 To begin, the laser is connected to an optical chopper, which receives an electronic 
trigger signal at 1 kHz—the repetition rate of the laser. This electronic signal synchronizes the 
angular frequency of the chopper blades to the rate of laser pulse emission, such that the chopper 
can block particular pulses. In our case, we employ two identical optical choppers—one for the 
pump at 250 Hz and one for the probe at 500 Hz. Once the pump chopper down converts the 1-
kHz laser signal to 250 Hz, it sends this modulated electronic signal to the probe chopper and the 
counter. The probe chopper then upconverts the pump chopper frequency to 500 Hz.  
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 The National Instruments counter is a timing device that converts the periodic signals 
from the laser and pump chopper to a digital format, which can be read and interpreted by the 
computer. The computer is then able to relay these digital signals to the National Instruments 
Data Acquisition (DAQ) board. The counter and DAQ board are essential for sending the laser 
and chopper trigger signals to the spectrometer, which cannot be triggered directly. The counter 
and DAQ board tell the spectrometer when to collect spectral data, which are sent as an analog 
signal back to the DAQ board. The DAQ board then converts this data to a digital format, which 
can be read and interpreted by the computer. All of these components work together to ensure 
accurate timing and synchronization within our experiments.  
 The data acquisition algorithms for TA spectroscopy are compiled using a LabVIEW, 
which is a graphical programming suite that interfaces and controls each component of our 
experiments. LabVIEW interfaces the counter and DAQ board such that the digital trigger 
signals and data are collected and interpreted according to a particular set of experimental 
parameters (see Appendix A for details). In addition to data collection hardware, LabVIEW 
controls the motorized slit that determines the pump wavelength, as well as the variable delay 
stage. Figure 3.7 demonstrates how LabVIEW loops over each variable within a 2DTA 
experiment to collect the full spectrum.  
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Figure 3.7. A flow-chart depicting how LabVIEW collects the data in a 2DTA experiment. Before 
running the program, the user specifies the number of pump wavelengths and time points at which TA 
data should be collected. For each pump wavelength, the program shifts to a particular delay point, 
collects data, and processes the signal. This process is repeated for every delay position specified by the 
user, at which point the slit position shifts to the next pump wavelength. LabVIEW loops over these 
variables this according to the number of repeats we tell it to perform, at which point the data is averaged 
and written to disk.  
 
 In the TA and 2DTA experiments presented in Chapter 4, two optical choppers are 
employed: one to remove the scattered pump light and the other to remove the scattered probe. 
This two-chopper method is necessary in the case of overlapping pump and probe wavelengths to 
ensure resonances along the diagonal of a 2D spectrum are not dominated by artifacts.26 The 
frequency of the pump chopper is set to 250 Hz, while the frequency of the probe chopper is set 
to 500 Hz. Figure 3.8 shows the phase of the trigger signals associated with the pump chopper, 
probe chopper, and laser.  
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Figure 3.8. Trigger signals from the pump chopper (250 Hz; blue), probe chopper (500 Hz; purple), and 
laser (1 kHz; red), along with the emitted laser pulses (gray dashes). The combination of two optical 
choppers operating at these frequencies creates four signal conditions: pump on/probe on, pump on/probe 
off, pump off/probe on, and pump off/probe off. By taking the difference between TA spectra measured 
under these four conditions, we can obtain a signal that is artifact-free.  
 
 The pump and probe choppers are operated in phase with the laser signal and each other, 
but with different frequencies. This configuration gives rise to four different conditions: both 
pump and probe interact with the sample, only pump interacts with the sample, only probe 
interacts with the sample, and both pulses blocked. The total TA signal is given by the change in 
absorbance, A , upon interaction with the pump. We calculate the total signal within the 
LabVIEW program according to the following equation: 
 ( ) ( )log logboth pump none probeA S S S S = − − −  (2.47) 
where bothS is the signal condition arising from both pump and probe interactions, pumpS is the 
signal produced by the pump only, noneS is the background signal level when no pulses are 
incident on the sample, and 
probeS is the signal condition arising from only probe interaction. 
Appendix A offers more details regarding the LabVIEW codes for TA spectroscopy, as well as 
signal calculation using the two-chopper method.  
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3.3 Wide-Field, Diffractive Optic-Based Transient Absorption Microscopy 
This section presents the experimental details of our wide-field, diffractive-optic based 
TAM experiments, which were used to collect the data presented in Chapters 5 and 6. Many 
researchers have successfully developed and utilized TA microscopy methods in which one or 
both of the pump and probe beams are raster scanned to obtain sample images with microscopic 
spatial resolution.13-20, 37-40 These conventional methods are typically conducted using laser 
systems with repetition rates on the order of megahertz (MHz), which enable acquisition of 
signal images in rapid succession. A kilohertz (kHz) laser system, like the one used to collect the 
ultrafast optical data presented in this dissertation, would require data acquisition times at least 
1000 times longer in order to achieve the same signal-to-noise ratio as a comparable experiment 
conducted with a MHz laser system. In order to adapt TAM for a kHz laser system, we 
developed a method in which the pump beam is split into many different beams by a diffractive 
optical element (DOE), and the probe beam is focused on the sample in a wide-field mode. 
Multiple pump beams, which are focused to ~1.0 µm by an objective, propagate counter to the 
wide-field probe, thereby allowing us to conduct multiple TA experiments on a sample in 
parallel—all with microscale resolution. Using this multiplexing method, we can generate 
statistics for heterogenous samples like perovskite thin films without raster scanning beams from 
a kHz laser system.21, 22, 41-43 The particular parameters of our TAM experiments, including pump 
and probe pulse generation, description of optics and beam geometries, and data acquisition 
routines, are detailed below. 
3.3.1 Pulse Generation 
As in the conventional TA spectroscopy measurements, filamentation is again employed 
to convert a portion of the 810-nm fundamental into white light. After the exit of the 
filamentation cell,25 the white light is split into two pathways by a beam splitter (BS) that reflects 
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70% and transmits 30% of the incident light. These two independent pathways correspond to the 
pump and probe beams, respectively.   
3.3.2 Optical Pathways 
Both the pump and the probe portions of the white light are sent to two identical 4F 
wavelength filters, such that each beam is independently color tunable. The construction and 
operation of a 4F is detailed in Section 3.2.1, and the 4F filters used in TAM studies are identical 
to the one employed in 2DTA. Motorized slits at the Fourier planes of both the pump and probe 
4F setups allow for rapid cycling of both pulses across the visible spectrum.33 Pump bandwidths 
between 5 and 6 nm at FWHM were used to conduct the experiments in Chapters 5 and 6, while 
the probe bandwidth was expanded to as wide as 12 nm bandwidth to collect the dynamics data 
in Chapter 6. Although these bandwidths are somewhat larger than those employed in TA 
spectroscopy experiments, the pulses can still be approximated as transform-limited given their 
relatively narrow spectral range.34 Their durations, and thus the time resolution of the TAM 
measurements, is approximately 250 fs.27, 28 
After exiting the 4F, the pump passes through an optical chopper for frequency 
modulation before proceeding to the diffractive optic near the sample area. The probe proceeds 
along a different optical path to the variable delay stage, such that the probe is delayed from the 
pump in time. Figure 3.9 presents the optical components associated with the pump and probe 
pathways near the sample position. The proceeding sections detail the nature and function of 
each optic within the transient absorption microscope.  
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Figure 3.9. The optics and beam pathways for the pump (green) and probe (red) near the sample position 
in TAM. The colors used to depict the beams in this figure are arbitrary; both the pump and probe are 
tunable across the visible spectrum. While only three diffracted pump beams are shown for clarity, the 
number and pattern of diffracted beams is fully customizable through careful selection of the DOE. In this 
geometry, the pump and probe counter-propagate through the sample such that the contributions from 
scattered pump are minimized and the signal can be collected in the direction of the transmitted probe. 
  
 
a) Holoeye DOE: This diffractive optic splits the pump beam into 41 nearly identical 
beams,44 which are incident on the sample according to the pattern in Figure 3.10a. It is 
important to note that any pattern or number of diffracted pump beams can be achieved 
by selecting and implementing a different diffractive optic.44 For example, similar 
experiments to those presented in Chapter 5 were conducted with a DOE that produced 
15 beams in the pattern given by Figure 3.10b. The DOE that produces 41 pump beams is 
preferred because it allows us to achieve a larger number of experiments within the view 
of the camera, thereby generating more reliable statistics. This DOE generates pump 
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beams that are focused to approximately 1.0-µm in diameter, depending on the 
wavelength of the incident beam. 
b) Lens 1: Lens 1 is a conventional planoconvex lens that collimates the 41 diffracted beams 
after the DOE. After this lens, the previously diverging beam paths become parallel to 
one another.45  
c) Telescope: The telescope resizes the profile of diffracted pumps according to the ratio of 
the focal lengths of the two lenses.46 This step in the optical path is necessary in order to 
fit the full profile of the 41 pump beams into the aperture of the objective, such that they 
can be focused onto the sample. 
d) Lens 2:  Lens 2 is a conventional, 25-cm focal length lens that focuses the probe on the 
sample plane in a wide-field mode.45 The resultant probe spot is approximately 150-µm 
in diameter—much larger than the camera’s field-of-view. The probe therefore 
illuminates the entire sample surface within the camera’s view and overlaps with the 
counter-propagating pump beams. The regions in which the wide-field probe and 41 
diffracted pump beams overlap give rise to the TA signal. 
e) Zeiss Objective (Obj): The objective is the heart of the TAM setup. In the experiments 
presented in Chapters 5 and 6, an infinity-corrected, 40x Zeiss objective with 0.95 NA 
and 0.18-mm working distance is used to focus the pump beams onto the sample plane, 
as well as collect the transmitted probe. The use of an infinity-corrected objective is 
important because this geometry produces a collimated beam after the objective. For our 
purposes, this creates a theoretically infinite amount of space between the objective and 
tube lens, within which we can place additional optics (see below).47  
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f) Beam Splitter (BS): The beam splitter reflects 50% and transmits 50% of incident light. 
We employ the BS so that the pumps can be reflected into the objective, while the probe 
can still transmit through the optic and towards the detector. The use of the BS over a 
dichroic mirror ensures that the optical geometry is appropriate for all wavelengths of 
both the pump and the probe, as the performance of the BS does not carry a significant 
wavelength dependence.  
g) Silver (Ag) Flat Mirror: The silver flat mirror directs the transmitted probe/signal, along 
with scattered pump light, towards the detector. A silver mirror is selected due to the 
negligible change in performance as a function of incident wavelength.  
h) Interference Filter: Although the pump and probe counter-propagate through the sample, 
some scattered pump light still reaches the plane of the detector. In order to remove 
contributions of the scattered pump without including a second optical chopper (see 
Section 3.3.3) and therefore doubling data acquisition times, we place an interference 
filter before the detector. This filter selectively removes the pump scatter, provided there 
is significant spectral separation between the pump and the probe(s).  
i) Tube Lens: The 18-cm focal length tube lens, like the objective, is infinity-corrected. 
This optic focuses the magnified image of the sample plane onto the CMOS camera for 
detection.47  
j) Complementary Metal Oxide-Semiconductor (CMOS) Camera: The CMOS camera, 
which is synchronized to the laser system, is a 12-bit Phantom Miro C110. For our 
experiments, we operate the camera in a 480 x 640-pixel binning mode in order to 
achieve the same repetition rate as the laser (1 kHz). The camera captures images of the 
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sample as a function of light intensity, which are then differenced to achieve a TAM 
image (see Section 3.3.3). 
 
Figure 3.10. The pattern of diffracted pump beams incident on the surface of the sample. A DOE 




3.3.3 Data Acquisition 
The data acquisition routines used for the experiments in Chapters 5-6 are significantly 
simpler than those used in TA spectroscopy studies. This difference in programming is due 
mostly to the change of detector; unlike the ultrafast spectrometer, the CMOS camera used in 
TAM measurements can be directly triggered by the electronic signal from the laser. The 
hardware used to collect TAM data is presented in Figure 3.11. 
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Figure 3.11. The hardware and electronics used during TAM experiments. The laser sends a 1-kHz 
trigger signal (red) to a single optical chopper, which modulates the frequency of the pump pulse down to 
500 Hz (blue). Both the laser and chopper signals are passed to the CMOS camera in order to trigger the 
measurements and record the particular phase of the chopper. This information, along with the digital 
images collected by the camera (purple) , are then sent to the computer for differencing and visualization.  
 
 
 As with TA spectroscopy, we begin with the electronic signal from the laser, which 
occurs at a frequency of 1 kHz. The laser sends this signal to the chopper, which down-converts 
it to a frequency of 500 Hz. The angular frequency of the chopper is synchronized to the laser, 
such that every other pump pulse is blocked by the chopper wheel. Analog electronic signals 
from both the laser (1 kHz) and the pump chopper (500 Hz) trigger measurements by the CMOS 
camera. The camera is controlled by a home-built LabVIEW interface, which records images as 
a function of the variable delay, pump wavelength, and probe wavelength. A flow-chart that 
depicts how LabVIEW collects this data is presented in Figure 3.12. 
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Figure 3.12. A flow-chart image of how LabVIEW controls the various aspects of a TAM experiment.  
Before the experiment begins, the user must specify the number of pumps, number of probes, and number 
of delay points. The program begins by moving the pump slit to the appropriate location, followed by the 
probe slit. For each specific delay point, the camera is initialized, data is collected, and the signal is 
processed. Once data has been collected at all specified positions of the delay stage, the probe slit is 
moved to the next position and the process is repeated. After data has been collected for all delay points 
with all probe wavelengths, LabVIEW moves the pump slit to the next wavelength. This cycle continues 
until data has been obtained for all delays, probes, and pumps. The entire process repeats itself, and the 
results of each repeated cycle are averaged together and written to disk.  
 
 
 In addition to communicating with the camera, the LabVIEW program for TAM 
experiments controls the motorized slits for both pump and probe, along with the variable delay 
stage. LabVIEW loops over the pump slit position, then probe slit position, and finally the delay 
stage position in order to collect TAM images as a function of these three variables. Signal 
processing is governed by the single-chopper differencing algorithm; the phase relationship 
between the chopper and the laser is depicted in Figure 3.13. 
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Figure 3.13. The pump chopper trigger signal (blue) is in phase with the trigger signal from the laser 
(red), such that every other laser pulse (gray dashes) is blocked by the chopper. In a single-chopper mode, 
there are only two signal conditions: pump on and pump off. By taking the difference of the images 




The single chopper configuration produces two signal conditions, pump on and pump off, 
which is preferred in microscopy to reduce data acquisition times. Rather than chopping the 
probe beam to remove contributions of the pump scatter—and thus doubling our data acquisition 
time—we can insert an interference filter to remove these artifacts (see Section 3.3.2). The 
LabVIEW program collects images from the camera when both the pump and probe are incident 
on the sample ( bothS ) and when only the probe interacts ( probeS ). The difference between these 
two conditions is the TA signal, A :  
 ( ) ( )log logboth probeA S S = − . (2.48) 
The resultant TAM images are written to disk as a function of delay, pump wavelength, and 
probe wavelength. See Appendix B for details regarding the LabVIEW codes for TAM, as well 
as the one-chopper signal processing algorithm. 
3.4 Fabrication and Characterization of Perovskite Thin Films 
The perovskite thin films under examination in this dissertation were all fabricated using 
spin coating procedures. In all cases, a crystalline substrate of either fluorine- or indium-doped 
tin oxide (FTO, ITO) coated onto glass were used to fabricate thin films, as they are a standard 
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substrate in the perovskite community.48 Before spin coating, all substrates were thoroughly 
washed by sonication in a series of four solvents: glassware detergent and DI water, DI water, 
acetone, and isopropanol. Sonicating the substrates with four different solvents ensures that all 
debris on the oxide surface that could potentially contaminate the sample and disrupt the crystal 
lattice are removed before fabrication.49 All of the wet substrates were dried in a stream of dry 
nitrogen gas to remove solvent before preheating steps.  
3.4.1 Layered Perovskite Quantum Wells 
Fabrication of the layered perovskite quantum wells under investigation in Chapters 4 
and 6 was based on the procedures outlined in Reference.50 These layered perovskites are given 
by the chemical formula (PEA)2(MA)n-1[PbnI3n+1], where PEA is the spacer cation phenethyl 
ammonium, MA is the interstitial cation methylammonium, and n is the quantum well 
index/number of perovskite lattice layers between the PEA spacer.50 While a specific value of n 
may be targeted by carefully selecting the ratio of precursor materials, films of this nature 
routinely show resonances of additional quantum wells. For this reason, we employ the 
convention of capital Nmax to denote the particular quantum well chemically targeted when 
preparing the precursor solution, and lowercase n to indicate the quantum well index. For 
example, we may prepare a precursor according to the stoichiometric ratios for Nmax=2, but a 
linear absorbance measurement of that film will show excitonic resonances of n=1, 2, 3, … . 26, 28 
Films made from Nmax=2 and Nmax=3 precursors are investigated in Chapters 4 and 6.
26, 28 
These precursors were prepared from commercially-available starting materials, including lead 
iodide, phenethyl ammonium iodide (PEAI), methylammonium iodide (MAI), and N,N-
dimethylformamide (DMF) as solvent. For each sample type, chemical precursors with 
appropriate stoichiometric ratios of each component were dissolved via magnetic stirring in 
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DMF.26, 28, 50 Once the precursor was prepared, oxide substrates were preheated at 100 ºC; this 
step has been previously demonstrated to promote the layered architecture reported in this 
dissertation.30 For all layered perovskite films, an aliquot of the precursor solution was spin 
coated onto preheated substrates with particular settings to produce an ideal sample thickness 
and film quality. No annealing step was taken after the spin coating, as annealing was found to 
drastically increase the OD of the films, such that they were no longer suitable for optical 
experiments.  
 For the TAM studies presented in Chapter 6, layered perovskite thin films were 
fabricated on coverslips coated with ITO. In order to excite primarily the smallest quantum wells 
in which energy transfer processes are initiated, we chose to configure the TAM experiments 
such that the pumps passed through the substrate-side of the sample and the wide-field probe was 
incident on the air-side.26, 28 Because of this geometry and the small working distance of the 
objective (0.18 mm), coverslip substrates were necessary in order to avoid divergence of the 
pump beams in the thicker substrates. For all other experiments, commercially-available FTO 
substrates were used to fabricate the layered perovskite quantum well thin films.  
3.4.2 Bulk Perovskite 
Bulk MAPbI3 perovskite films were also fabricated atop of FTO-coated glass substrates. 
As with the layered perovskites, these FTO substrates were cleaned via sonication in the system 
of four solvents in order to remove any debris from the oxide surface.49 The fabrication methods 
used in Chapter 5 followed a dual-precursor, two-step spin method. Instead of combining the 
lead iodide and MAI precursors in a single solution, separate solutions of PbI2 and MAI in 
different solvents were prepared and spun onto the substrates.51, 52 This two-step synthesis   
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method was found to provide a more uniform surface of the material, which was ideal for TAM 
measurements. Resultant films were annealed after spinning in order to ensure full crystallization 
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CHAPTER 4: ENERGY TRANSFER MECHANISMS IN LAYERED 2D PEROVSKITES 
4.1  Introduction 
Two-dimensional (2D) perovskites are generating broad scientific interest because of 
their potential for use in optoelectronic devices.1-7 These systems are generally described by the 
formula An (MA)n-1MnY3n+1, where A is an organic cation, MA is methylammonium (CH3NH3
+), 
M is the metal cation, and Y is the halide. Lead iodide systems are among the most commonly 
studied 2D perovskites and will be the focus of the present work. It has been shown that fairly 
large organic cations (such as phenethyl ammonium) confine excitons to 2D lead iodide layers, 
which gives rise to binding energies as high as 380 meV for a quantum well with one lead iodide 
sheet (n=1).6 The exciton binding energies decrease as n increases but are still much larger than 
kBT at room temperature for  n=5 (the exciton binding energy is estimated to be 235 meV for 
n=5).6 The understanding of these materials is most complete for quantum wells composed of 1-
2 lead-halide layers.8-12 However, electronic processes in thicker 2D perovskite quantum wells 
are presently under investigation by a number of groups.6, 13-15  
It has recently been discovered that layered 2D perovskites can be engineered to funnel 
energy and/or charge carriers from thinner to thicker quantum wells located on opposite sides of 
the film.15 In this type of system, the quantum wells stack in the order of increasing thickness 
from substrate to the air side of the film.15 Because the band gap of a quantum well decreases as 
the thickness increases (see Figure 4.1a),6 such layered systems are capable of directing energy 
transfer in a manner similar to natural light-harvesting antenna.16 Recent studies have recognized 
the propensity for energy transfer in layered quantum wells.17, 18  However, it has also been 
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suggested that electron and hole transfer occur in parallel with energy transfer.15 The dynamics 
in these systems have been interpreted in the framework of the morphologies depicted in Figure 
4.1. In the quasi-layered structure of Figure 4.1b, the average size of the quantum well increases 
with respect to height in the film whereas a distribution of quantum well sizes exists within each 
layer (see Figure 4.1c. Thus, electronic excitations may transfer laterally and vertically following 
photo-excitation; however, the excitations ultimately concentrate in the n=∞ layer which is 
located on the front of the film.  
 
Figure 4.1. a) Optical band gaps and thicknesses of the quantum wells plotted as a function of n for a 
system similar to that investigated in this work (i.e., a system with a butylammonium organic cation 
instead of PEA).6 b) The average thicknesses of the quantum wells increase with the distance from the 
substrate. Energy transfer is directed from the back to the front of the film because of variation in the 
average bandgap. The smallest quantum wells are located at the back of the film near the substrate 
surface, whereas a bulk-like layer is located at the front of the film. c) Within each layer, electronic 
excitations may migrate among quantum wells with different values of n.  
 
The structural formula for the 2D perovskite under investigation in this work is 
(PEA)2(MA)n-1[PbnI3n+1] (PEA=phenethyl ammonium). The value of n determines the thickness 
and resonance frequency of the quantum well. For example, quantum wells with n=2, 3, and 4 
exhibit excitonic resonances near 570, 610, and 645 nm. In this system, quantum confinement is 
enforced by the 0.9-nm thick layers of PEA that separate the lead iodide quantum wells.10, 11 We 
investigate two types of films in the present work and introduce a notation to distinguish the 
systems. For the purpose of discussion, we will hereafter denote the quantum well whose 
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concentration is optimized by chemical preparation Nmax (Nmax = 2 or 3). The indices of the 
individual quantum wells are written in lower case, n. The reason for this distinction is that 
chemical preparation may be used to optimize the concentration of a particular quantum well, n, 
but others (such as n-1 and n+1) are also produced in the process. One of the films examined in 
the present work is nominally Nmax=2 but possesses resonances associated with several sizes of 
quantum wells (n=2, 3, 4, 5, and ∞). The second film is nominally Nmax=3 but similarly exhibits 
multiple excitonic transitions.  
The dynamics of electronic excitations in these 2D perovskites are studied with steady-
state and time-resolved optical measurements. The layered morphology is established by 
conducting steady-state emission and transient absorption experiments with light incident on the 
both sides of the film. Rate constants associated with energy transfer between pairs of quantum 
wells are obtained by fitting transient absorption data with a global kinetic model in a basis of 
single excitons and biexcitons. Our assignment of the dynamics to an energy transfer mechanism 
is shown to be consistent with the line shapes of the transient absorption spectra and Förster’s 
rate formula.19, 20 Finally, two-dimensional transient absorption (2DTA) spectra are used to 
inspect correlations between the initial locations of electronic excitations and the locations at the 
delay time, τ. The pattern of peaks in the 2DTA spectra also supports a sequential energy transfer 
mechanism between quantum wells whose indices differ by 1. 
4.2 Experimental 
4.2.1 Sample Preparation and Characterization  
Two-dimensional perovskite films are prepared using previously reported methods.13 
Phenethyl ammonium iodide and dimethylformamide (DMF) are obtained from Sigma-Aldrich, 
lead iodide is purchased from Alfa Aesar, and methylammonium iodide is obtained from 
Solaronix. All materials are used without further purification.  
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FTO (Sigma-Aldrich; ~13 Ω/sq, approx. 4 cm2) substrates are cleaned via sonication for 
20 minutes in a series of four solvents: Contrex AP glassware detergent in deionized water, 
deionized water, acetone, and isopropanol. Substrates are dried in a stream of nitrogen gas 
following the isopropanol wash and preheated at 100°C for 20 minutes immediately before film 
deposition. For SEM and Powder X-Ray Diffraction (PXRD) experiments, thinner FTO 
substrates (MTI; 7-10 Ω/sq, 1 sq. in.) were prepared in the same way before thin film deposition. 
These 2D perovskites are described by the general formula (PEA)2(MA)n-1[PbnI3n+1], 
where n is the number of lead iodide layers between the organic cation spacers. Perovskites with 
two lead iodide layers (a film that is nominally Nmax=2) are produced using a 2:1:2 molar ratio of 
PEAI, MAI, and PbI2, respectively. The (PEA)2(MA)[Pb2I7] precursor is prepared by dissolving 
PEAI (0.288 g), MAI (0.092 g), and PbI2 (0.533 g) in DMF (2 mL). Perovskite samples that are 
nominally Nmax=3 are produced using a 2:2:3 molar ratio of PEAI, MAI, and PbI2, respectively. 
A precursor solution for (PEA)2(MA)2[Pb3I10] is prepared by dissolving PEAI (0.288 g), MAI 
(0.184 g), and PbI2 (0.800 g) in DMF (2 mL). Films are prepared by spin coating 100 μL of 
respective precursor solution at 3000 RPM for 20 seconds (1500 RPM/second acceleration) onto 
the clean, preheated substrate. 
Film thicknesses and grain sizes are determined using SEM (see Appendix B). The 
Nmax=2 and Nmax=3 systems have average thicknesses of 550 and 685 nm, respectively. SEM 
measurements are conducted with a Hitachi S-4700 cold cathode field emission scanning 
electron microscope. Accelerating voltages (kV), working distances (mm), and magnifications, 
respectively, are listed in the bottom left of individual images. Powder X-Ray Diffraction 
(PXRD) measurements are conducted on intact, oriented layered perovskite films using a Rigaku 
Smartlab X-Ray Diffractometer in the Bragg-Brentano geometry, equipped with a Cu source and 
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Kβ filter. All XRD measurements are recorded at room temperature in ambient conditions (see 
Appendix B).  
4.2.2 Transient Absorption Spectroscopy 
All experiments are conducted with a 45-fs, 4-mJ Coherent Libra with a 1-kHz repetition 
rate. Approximately 1.5 mJ of the 800-nm fundamental is focused into a 4-m long tube filled 
with argon gas to generate a visible continuum. The continuum pulse is then passed through an 
all-reflective 4F setup, which is based on a 1200-g/mm grating and 20-cm focal length mirror. 
The desired portion of the spectrum is filtered with a motorized slit at the Fourier plane. The 
spectrally filtered pulses have 5-nm widths and 250-fs durations. The pulse energies are 
controlled with a neutral density filter on a motorized rotation stage. 
Continuum probe pulses are generated in a sapphire window and relayed to the sample 
with reflective optics. The spot size of the probe is adjusted to match the 200-μm spot size of the 
pump. The pump fluence is 2.9x1013 photons/cm2 (10 µJ/cm2) unless indicated otherwise below. 
Signal detection is accomplished with a CMOS array detector that is synchronized to the 1-kHz 
repetition rate of the laser system. In transient absorption experiments, the signals are averaged 
over 30 scans of the delay line and a total of 6,000 differences are collected at each delay point. 
4.2.3 Two-Dimensional Transient Absorption Spectroscopy 
2DTA spectra can be generated using a photon-echo pulse sequence in which the full 
bandwidth of the pump pulse is compressed.21-25 This Fourier transform approach carries the 
advantage of linewidth-limited time and frequency resolution. Studies of vibrational coherence 
and other sub-picosecond dynamics require use of broadband laser pulses. Fourier transform 2D 
spectra of samples with small optical densities have been measured with few-cycle continuum 
laser pulses.27,28 However, the Fourier transform approach is susceptible to artifacts when highly 
92 
absorbing samples are investigated.29,30 For this reason, color tunable pump pulses should be 
considered when slower processes are under investigation. Such frequency-domain 2D methods 
have been successfully employed in previous 2D electronic and vibrational spectroscopies.26-29 
In this work, the excitation axes of 2DTA spectra are generated with tunable narrowband 
(5-nm FWHM) pump pulses. The narrowband pump pulses are nearly transform-limited because 
the dispersion accumulated in transmissive optics has a negligible effect on their durations. In 
addition, the translation stage that controls the delay time is programmed to compensate for the 
dispersion in time-zero associated with the pump pulses. Thus, as in conventional TA 
experiments, chirp in the continuum probe pulse is the limiting factor that decides time-
resolution. Dynamics that occur over hundreds of picoseconds are of interest in this study. A 
numerical chirp correction for the probe is not applied because the probe pulse duration (500 fs) 
is short compared to the relaxation dynamics under investigation. 
 
Figure 4.2. Two-dimensional transient absorption (2DTA) spectra are generated by tuning 250-fs laser 
pulses from 500-700 nm and probing with a white-light continuum. Differential absorption is measured at 
each pump wavelength. The delay between the pump and probe pulses is τ. 
 
2DTA spectra are acquired by scanning the wavelengths of pump pulses with 5-nm 
spectral widths from 500-700 nm in 3-nm steps. This is accomplished by translating a slit in the 
4F setup described above. The schematic in Figure 4.2 captures the general idea; the colors of 
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narrowband pump pulses are scanned such that each pulse arrives at the sample at the same time 
via delay compensation provided by the translation stage. We have confirmed that reducing the 
bandwidth of the pump pulse does not decrease the spectroscopic linewidths observed by 2DTA. 
Thus, the measured spectral linewidths primarily represent line broadening (not the laser 
bandwidth). Signals are averaged for 30 scans of both the pump wavelength and delay time.  
2DTA experiments are conducted using the same setup employed in the traditional 
transient absorption experiments described in Section 4.2.2. The continuum probe pulse is 
generated in a sapphire window and relayed to the sample with reflective optics. The pump 
fluence is 2.9x1013 photons/cm2 (10 µJ/cm2). The pump and probe pulses are, respectively, 
chopped at 500 and 250 Hz in order to cycle over four conditions: pump on/probe off (S1), pump 
on/ probe on (S2), pump off/probe off (S3), pump off/probe on (S4). The transient absorption 
response is then computed using ΔA=log(S2-S1)- log(S3-S4). Use of two choppers increases the 
data acquisition time but fully eliminates pump scatter which produces artifacts on the diagonal 
of the 2DTA spectra. Signal detection is accomplished with a CMOS array detector that is 
synchronized to the 1-kHz repetition rate of the laser system. Each point in the 2DTA spectra 
represents a total of 6,000 differences. 
4.3 Results and Discussion 
4.3.1 Steady-state Absorption and Emission Spectra 
The linear absorbance spectra shown in Figure 4.3a exhibit prominent resonances at 515, 
570, and 610 nm. These peaks correspond to the n=1, 2, and 3 quantum wells. In both cases, 
these narrow peaks are superimposed on a broad feature associated with scattering and 
absorption above the bandgap.  Fluorescence emission is collected from both sides of the film 
with excitation at 450 nm. In all cases, emission is collected from the side of the film on which 
light is incident (i.e., a backscattering geometry). Following the convention of Liu et al, 
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experimental geometries in which light is incident on the glass substrate (smallest quantum 
wells) and the opposite side of film (largest quantum wells) are denoted as back-side and front-
side excitation, respectively (see Figure 4.1).15 For both systems, emission from the back of the 
film is blue-shifted with respect to that collected from the front. Narrow peaks are observed at 
wavelengths shorter than 650 nm with back-side excitation and detection, whereas broad 
emission centered in the 700-750 nm range dominates for the front of the film. 
Differences in the emission spectra measured for the back and front of the sample 
demonstrate that the various quantum wells (n=1,2,3,..) are not uniformly distributed throughout 
the film. Rather, the measurements indicate that the average sizes of the quantum wells increase 
with distance from the substrate as suggested in Figure 4.1b. As in any absorptive sample, the 
line shapes of the emission spectra are affected by re-absorption of light as it propagates out of 
the medium. However, the effect of re-absorption on the emission spectra would be identical for 
the back and front of the film if the quantum wells were homogeneously distributed. Moreover, 
we have determined that the differences between spectra acquired for the back and front of the 
film are not artifacts associated with heterogeneity across the face film. First, these 
measurements average over a large number of individual grains because the spot size of the lamp 
on the sample (FWHM = 1 cm) is large compared to that of an individual grain (1 μm, see 
Appendix C). Second, these results have been reproduced for multiple films fabricated using the 
methods described above (by our group and in the previous literature).15 Third, in order to 
corroborate the results presented in Figure 4.3, transient absorption signals collected from the 
back and front of the film, which are consistent with Figure 4.1b,  are presented in the Appendix 
C.  
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The relation between the average bandgap and distance from the substrate holds 
implications for energy and charge transport.15  This geometry will promote directional energy 
transfer from the back (smallest n) to the front (largest n) of the film. In addition, Liu et al., who 
arrived at a similar conclusion for the layered geometry, have shown that hole transfer occurs in 
the opposite direction (front to back).15 Of course, it should be acknowledged that the schematic 
in Figure 4.1 is an idealized version of the system. The film exhibits disorder on the micrometer 
length scale, which is small compared to the spot sizes of light sources employed in this work. 
 
Figure 4.3. a) Linear absorbance spectra for nominal Nmax=2 and Nmax=3 films. b) Steady-state emission 
spectra measured for the back and front of Nmax=2 film. c) Steady-state emission spectra measured for the 
back and front of Nmax=3 film. Observation of front-side emission intensity at longer wavelengths in b) 
and c) is consistent with a layered geometry (see Figure 4.1c). 
 
4.3.2 Decomposition of Transient Absorption Signal Components 
Transient absorption spectra will be interpreted in this work using a response function 
formalism in which the signal is decomposed into three parts: (i) ground state bleach (GSB), (ii) 
excited state emission (ESE), and (iii) excited state absorption (ESA).21 We employ the basis set 
presented in Figure 4.4 in which three levels (two electronic resonances) are associated with each 
quantum well. The energy gap between the ground state and single exciton state is denoted as 
,eg n , whereas the energy gap between the single exciton and biexciton states is given by ,fe n . In 
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this notation, the value of n  represents the specific quantum well (n=1, 2, 3, ...).  Notably, the 
excited state resonance in the n =   layer, ,fe  , is most likely associated with free-carrier 
absorption within the conduction band because of its broad linewidth and the small binding 
energy in the bulk perovskite (see Section 4.3.4). 
 
Figure 4.4. The transient absorption spectrum can be decomposed into single exciton ( ,eg n ) and biexciton 
( ,fe n ) resonances associated with each quantum well. This schematic does not represent the relative 
energies of the valence or conduction bands. 
 
The transient absorption spectra shown in Figure 4.4 exhibit progressions of resonances 
with alternating signs. Similar spectra have been observed in perovskite nanoparticles,30 metal 
dichalcogenides,31-33 and molecular aggregates.34, 35 For example, transient absorption spectra for 
perovskite nanoparticles were modeled under the assumption of a Stark effect associated with the 
formation of charge transfer excitons in recent work.30 In this interpretation, the Wannier exciton 
produced by absorption of the pump pulse rapidly transitions into a charge transfer exciton in 
which the hole and electron are bound but separated by an interface between distinct phases. The 
electric field associated with this dipole may then perturb the resonance frequency associated 
with photo-excitation of a second exciton, thereby producing peaks with positive signs (ΔA) that 
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are either red-shifted or blue-shifted from those of the single excitons. Notably, this is not the 
only mechanism by which a biexciton resonance may be shifted from that of a single exciton. 
Progressions of single exciton and biexciton resonances arise from the quasi-Fermionic nature of 
the excitons in ordered molecular aggregates (i.e., an effect of confinement).34, 35 That is, the 
blue-shift of the biexciton resonance with respect to that of a single exciton is associated with the 
constraint that only one exciton can reside on an individual site. For this reason, the second 
exciton (biexciton) is confined to a smaller region of space than the first, which gives rise to a 
blue-shift in its resonance frequency. 
The transient absorption spectra in Figure 4.5 are decomposed into the GSB, ESE, and 
ESA components using the model outlined in Section 4.6.1. The GSB and ESE signal 
components have identical line shapes because energy transfer dominates the optical response. 
Although the n=2 quantum well is targeted by photo-excitation at 570 nm, each quantum well 
exhibits GSB and ESE responses at sub-picosecond delay times because a portion of the pump 
pulse is transmitted through the entire film. Each of the biexciton resonances in the ESA are 
blue-shifted from those of the single excitons by approximately 80 meV. As mentioned above, 
these blue-shifts may be associated with charge transfer excitons located at the interfaces 
between distinct phases.30 In an alternate interpretation, the blue-shift of the biexciton resonances 
represents a confinement effect similar to that found in ordered molecular aggregates.34, 35  
Notably, such an effect is independent of the delay time and would explain why the resonance 
frequencies do not vary over a 1.5 ns delay time. In addition, the narrow linewidths of the 
biexciton resonances are inconsistent with a Stark effect induced by charge transfer excitons 
located at interfaces. That is, a distribution in the electric field strength associated with the 
distance from the source of the electric field (e.g., a charge transfer exciton) would be reflected 
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in the inhomogeneous linewidths of the biexciton resonances; however, the linewidths of the 
single excitons and biexcitons are quite similar, which is more consistent with a blue-shift 
induced by quantum confinement. 
 
Figure 4.5. Transient absorption spectra of the a) Nmax=2 and b) Nmax=3 films are decomposed into GSB, 
ESE, and ESA signal components using the model outlined in Section 4.6.1. The GSB and ESE signal 
components have identical line shapes. The pump wavelength is 570 nm and the delay time is 1 ps. The 
parameters given in Tables 4.1-4.2 are constrained by a global fit to spectra at all pump-probe delay 
times. The laser fluence is 10 μJ/cm2.  
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4.3.3 Intensity-Dependent Signatures of Many-Body Relaxation Processes 
Classes of relaxation processes are distinguished by the order of the population, p , upon 
which they depend.36 A general differential equation for population dynamics can be written as  
                                                     2 3
1 2 3
dp
k p k p k p
d
= − − − − ,                                               (4.1) 
where 1k , 2k , and 3k  describe relaxation rates for single-body, two-body, and three-body 
processes, respectively. The linear term is primarily associated with non-radiative trap-assisted 
recombination in perovskites.36, 37 The quadratic term represents density-dependent radiative 
charge recombination, which occurs when an electron and hole enter a “capture radius”.38 This 
mechanism is prominent in 3D perovskites where the photoluminescence quantum yield is 
known to increase with the intensity of incident light.39-41 The cubic term is associated with 
Auger recombination of charge carriers.42, 43 Auger recombination describes a process in which 
recombination of an electron and hole is accompanied by energy and momentum transfer to a 
third particle. 
Intensity-dependencies of the dynamics in the Nmax=2 and Nmax=3 systems are illustrated 
in Figure 4.6. In all cases, the dynamics are initiated by absorption of 570-nm laser pulses 
(resonant with the n=2 quantum well). Variation of the laser fluence weakly impacts the decay 
profiles with 570-nm detection in both systems; however, the relaxation dynamics are fairly 
sensitive to the laser intensity at a 610-nm detection wavelength (n=3 quantum well). With signal 
detection at 645 nm (n=4 quantum well), significant intensity-dependence is found for the 
Nmax=3 system but not for Nmax=2; however, firm conclusions cannot be drawn regarding the 
n=4 quantum well in the Nmax=2 film because limited signal-to-noise ratio obscures the 
observation (this is caused by the small concentration of n=4 quantum well in the film). The 
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observed intensity dependencies of the decay profiles, particularly in the larger quantum wells, 
indicate that a many-body, density-dependent process contributes at larger fluences.  
 
Figure 4.6. Transient absorption signals measured for nominal Nmax=2 (top) and Nmax=3 (bottom) systems 
with photo-excitation at 570 nm. Detection wavelengths are [(a) and (d)] 570 nm; [(b) and (e)] 610 nm; [(c) 
and (f)] 645 nm. These wavelengths correspond to the n = 2, 3, and 4 quantum wells. 
 
The intensity-dependent dynamics found in the n=3 and n=4 quantum wells suggest that 
many-body decay processes are at work. Exciton dissociation may be promoted by the smaller 
binding energies found in the thicker quantum wells and/or the non-equilibrium conditions 
associated with the non-radiative transitions. In Figure 4.7, the same types of measurements are 
repeated with a 610-nm excitation wavelength in order to eliminate the n=2 to n=3 energy 
transfer process from consideration. In these experiments, the n=2 quantum well does not exhibit 
GSB and ESE responses because it is transparent at 610 nm. Again, the n=3 and n=4 quantum 
wells both exhibit intensity-dependent relaxation dynamics, although the intensity dependence 
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for the n=3 quantum well is notably less pronounced than that displayed in Figure 4.6. 
Nonetheless, the observation of intensity dependence for the n=3 quantum well in Figure 4.7 
suggests that spontaneous exciton dissociation takes place at larger fluences despite binding 
energies in excess of 235 meV for n<6.6 Moreover, these measurements suggest that excess 
thermal energy is not required to induce exciton dissociation as the pump laser is tuned into the 
resonance frequency of the n=3 quantum well (as opposed to excitation at higher energy). 
 
Figure 4.7. Transient absorption signals measured for nominal Nmax=2 (top) and Nmax=3 (bottom) systems 
with photo-excitation at 610 nm. Detection wavelengths are [(a) and (d)] 570 nm; [(b) and (e)] 610 nm; [(c) 
and (f)] 645 nm. These wavelengths correspond to the n = 2, 3, and 4 quantum wells.  
 
Variation in the laser intensity suggests that exciton dissociation in the n=3 and n=4 
quantum wells may be partly relaxation-induced (i.e., not thermally activated). In both systems, 
relaxation dynamics in the n=2 quantum well, which is directly photoexcited, are relatively 
insensitive to the laser fluence (see Figure 4.6). With photo-excitation at 570 nm, we hypothesize 
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that the intensity-dependent behaviors observed in larger quantum wells are promoted by both 
the smaller binding energies and non-equilibrium effects associated with energy transfer. For 
example, if fluctuations of the energy gaps for quantum wells n=2 and n=3 induce energy 
transfer near the isosbestic point between their optical line shapes (near 590 nm), then the 
amount of energy dissipated by the n=3 quantum well will be close to 70 meV. In this estimate, 
we have compared the intermediate energy gap of 2.10 eV (590 nm) to that of the energy 
acceptor (band gap at 2.03 eV).   
4.3.4 Extraction of Rate Constants from Transient Absorption Signals 
The steady-state emission spectra shown in Figure 4.3 suggest that the electronic 
excitations ultimately concentrate on the bulk-like n=∞ layer, which is to be expected for an 
energy funneling process. In this section, the time-scales for energy transfer processes are 
established with transient absorption experiments. The analysis presented in this section 
corresponds to back-side excitation of the films.  
The model used for data analysis is based on the following assumptions. First, it is 
assumed that electronic excitations in quantum well n transfer only to quantum wells n-1 and 
n+1. The rates of the forward and reverse processes are subject to the detailed balance relation. 
For example, the rate of a transition from quantum well 2 to quantum well 3 is given by 
( )23 32 3 2exp / Bk k E E k T= −   , where 32k  describes a transition from quantum well 3 to quantum 
well 2. Second, we take the signal magnitude to be directly proportional to the population of a 
particular quantum well. Third, energy transfer between quantum wells is assumed to dominate 
over electron and/or hole transfer processes because direct optical signatures of such dynamics 
are not observed within the 500-740 nm wavelength range at a fluence of 10 μJ/cm2.10, 11 Weak 
contributions from charge transfer dynamics are also rationalized by the larger exciton binding 
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energies (>235 meV) for quantum wells with n5.6. Fourth, a process in which excitons migrate 
to “edge states” is included in the model on the basis of a recent study.6 This aspect of the model 
is motivated by the finding of short (<100ps) and a long-lived (>1 ns) decay components. 
Resonances associated with such edge states are not observed in the 500–740 nm wavelength 
range. 
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,      (4.2) 
where 
np  is the population of quantum well n , nep is the population of an edge state at quantum 
well n , R  is the radiative recombination rate in the n =∞ layer, eR  
is the defect-assisted 
recombination rate for all quantum wells, 
nmk  is the rate constant for energy transfer between 
quantum wells n  and m , and dk  
is the rate of exciton diffusion to the edge states.6 These 
parameters are optimized using a least-squares fitting algorithm that simultaneously accounts for 
transient absorption signals collected between 500 and 740 nm with the response function given 
in Section 4.6.1. All fitting parameters are given in Tables 4.1 and 4.2.  
In Figure 4.8, we present fits to transient absorption signals obtained for the Nmax=2 
system with a pump wavelength of 570 nm and a fluence of 10 μJ/cm2. Agreement between the 
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experiment and fit is particularly good at delay times less than 1 ns, whereas discrepancies arise 
at longer time scales. This indicates that slower decay processes, which are not accounted for in 
the model, become more prominent at time scales longer than 1 ns. Energy transfer time 

























 , are not as well-constrained as the others because of the weak signal 
intensity associated with the n=5 resonance (i.e., the n=5 quantum well has a small 
concentration). Electron-hole recombination times of 1440 ps are found for the quantum wells 
(n=2, 3, 4, 5), whereas the n=∞ layer possesses a lifetime that is long compared to the delay 
range. Finally, the time scale of exciton migration to edge states is close to 160 ps, which is in 
good agreement with the 200-ps time constant reported in Reference 6. Using the rate constants, 
we compute that an average of 34% of the excitons dissociate and/or recombine in the Nmax = 2 
system (i.e., average of all quantum wells). 
Results similar to those obtained for the Nmax=2 system are found by fitting the Nmax=3 
system with the same model (Figure 4.9). Again, we employ a pump wavelength of 570 nm and 
















 , respectively. Recombination times are 1290 and 6150 ps for the thin quantum 
wells (n=2, 3, 4, 5) and n=∞ layer, respectively. The fits obtained for the Nmax=3 system are quite 
good throughout the first 1.5 ns, whereas discrepancies arise after 1 ns in the Nmax=2 system. We 
attribute the superior fits achieved with Nmax=3 to the constraints imposed by the intense 
response of the n=∞ layer in this system. Constraints on the population of the n=∞ layer are 
particularly important because n=∞ sub-system is at the bottom of the energy funnel. As in the 
Nmax = 2 film, we find that an average of 55% of excitons dissociate and/or recombine at edge 
states in the Nmax = 3 system based on the rate constants. These relaxation processes cause a 
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decrease in signal intensity; however, resonances associated with the free carriers are not 
detected directly. Therefore, experiments conducted in a broader spectral range will be required 
to reveal details of the mechanisms. 
 
Figure 4.8. Transient absorption signals measured (black) and calculated (blue) for the Nmax=2 system.  
The laser fluence is 10 μJ/cm2. Model calculations are conducted with the model outlined in Section 4.6.1 




Figure 4.9. Transient absorption signals measured (black) and calculated (blue) for the Nmax=3 system.  
The laser fluence is 10 μJ/cm2. Model calculations are conducted with the model outlined in Section 4.6.1 
and the parameters given in Table 4.2. 
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Table 4.1. Parameters used to fit the transient absorption spectrum of Nmax=2.  




 115 ps ,2eg




 169 ps ,3eg




 91 ps ,4eg




  12 ps ,5eg




 161 ps ,eg
   750 nm (1.65 eV) 
eR  1439 ps ,2fe
  547 nm (2.27 eV) 
R  53036 ps ,3fe
  584 nm (2.12 eV) 
0
2p  
1.71 ,4fe  624 nm (1.99 eV) 
0
3p  
1.07 ,5fe  670 nm (1.85 eV) 
0
4p  
0.45 ,fe   610 nm (2.03 eV) 
0
5p  
0.05 ,2eg  17 nm (0.06 eV) 
0p  
0.00 ,3eg  17 nm (0.06 eV) 
,2eg  0.96 ,4eg  19 nm (0.06 eV) 
,3eg  1.10 ,5eg  32 nm (0.09 eV) 
,4eg  0.98 ,eg   141 nm (0.31 eV) 
,5eg  1.98 ,2fe  21 nm (0.09 eV) 
,eg   0.28 ,3fe  16 nm (0.06 eV) 
,2fe  1.17 ,4fe  15 nm (0.05 eV) 
,3fe  1.23 ,5fe  13 nm (0.04 eV) 
,4fe  1.23 ,fe   132 nm (0.43 eV) 
,5fe  2.19   
,fe   0.19   
(a) The transition dipoles,
 
 , are scaled to reproduce the measured ΔA values. The units are arbitrary. See the 
appendix for model equations. 




Table 4.2. Parameters used to fit the transient absorption signal for Nmax=3.  




 61 ps ,2eg




 130 ps ,3eg




 32 ps ,4eg




  127 ps ,5eg




 61 ps ,eg
   750 nm (1.65 eV) 
eR  1288 ps ,2fe
  551 nm (2.25 eV) 
R  6150 ps ,3fe
  586 nm (2.12 eV) 
0
2p  
0.64 ,4fe  630 nm (1.97 eV) 
0
3p  
0.61 ,5fe  657 nm (1.89 eV) 
0
4p  
0.17 ,fe   610 nm (2.03 eV) 
0
5p  
0.59 ,2eg  15 nm (0.06 eV) 
0p  
0.80 ,3eg  17 nm (0.06 eV) 
,2eg  1.17 ,4eg  21 nm (0.06 eV) 
,3eg  1.19 ,5eg  14 nm (0.04 eV) 
,4eg  1.83 ,eg   142 nm (0.31 eV) 
,5eg  0.57 ,2fe  27 nm (0.11 eV) 
,eg   0.95 ,3fe  18 nm (0.07 eV) 
,2fe  0.72 ,4fe  16 nm (0.05 eV) 
,3fe  1.01 ,5fe  10 nm (0.03 eV) 
,4fe  1.72 ,fe   132 nm (0.43 eV) 
,5fe  0.85   
,fe   0.63   
(a) The transition dipoles,
 
 , are scaled to reproduce the measured ΔA values. The units are arbitrary. See the 
appendix for model equations. 
(b) Fits are conducted in the frequency domain under the assumption of Gaussian line shapes. 
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4.3.5 2DTA Signatures of Energy Transfer Dynamics  
In this section, we present 2DTA spectra acquired for the Nmax=2 and Nmax=3 systems. 
Like 2D photon-echo spectra, the present 2DTA spectra can be interpreted by decomposing the 
signal into diagonal and off-diagonal contributions.21, 22, 24 Peaks on the diagonal of the spectra 
primarily represent the GSB signal component of the ground electronic state, whereas off-
diagonal peaks carry information about non-radiative transitions between quantum wells. This 
clear delineation between diagonal and off-diagonal signal components is not exhibited by 
strongly coupled quantum systems in which the GSB nonlinearity additionally possesses intense 
off-diagonal terms.44, 45 For perturbatively coupled quantum wells, growth in the intensity of off-
diagonal peaks (i.e., the ESE signal component) is a signature of energy transfer between 
quantum wells. From this perspective, the pattern of 2DTA resonances found in the layered 
perovskite system is analogous to that of a molecular aggregate or photosynthetic protein in 
which the intermolecular couplings are not sufficient to promote Frenkel exciton 
delocalization.45 
Spectroscopic signatures of strong coupling deserve further discussion as inter-quantum 
well biexciton states were recently reported for a related layered 2D perovskite system.46 It is 
instructive to first consider the physical parameters that promote delocalization. To a good 
approximation, electrons are not shared between the perovskite quantum wells and the coupling 
is Coulombic in nature.47, 48 Therefore, the delocalization of excitons between quantum wells 
may take hold when the Coulombic coupling is comparable to or larger than the difference in 
band gaps. For example, the difference in band gaps determined above for the n=2 and n=3 
quantum wells is approximately 150 meV, whereas the Coulombic coupling between transition 
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dipoles is approximately 9.3 meV (see Section 4.6.2). The mixing angle associated with this pair 
of quantum wells is given by  










,                                                               (4.3) 
where J  is the Coulombic coupling and E  is the difference in band gaps. With these 
parameters, the excitons are roughly 99% localized on the individual n=2 and n=3 quantum 
wells.  
The differences between GSB responses found in the limits of strong and weak (i.e., 
perturbative) coupling are illustrated in Figure 4.10. In the strong coupling limit, the off-diagonal 
peaks have intensities that are approximately equal to those of the diagonal peaks when all 
transition dipoles have similar magnitudes.44 It is instructive to consider that the GSB response 
function involves two nested summations over exciton states in the strong coupling regime (i.e., 
diagonal and off-diagonal terms appear).49 In contrast, the diagonal peaks dominate in the weak 
coupling limit because the GSB response function can be written as a sum over a single excitonic 
index (see Equations (4.4) and (4.5)).45 For these reasons, the 2DTA results obtained for the 
present system are most consistent with perturbative energy transfer as opposed to a mechanism 
involving delocalized states.  
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Figure 4.10. a) The GSB response exhibits intense off-diagonal peaks in the strong-coupling regime. b) 
Off-diagonal peaks do not contribute to the GSB signal component with perturbative Coulombic coupling. 
c) In the weak-coupling regime, off-diagonal peaks with negative signs above the diagonal arise from the 




Figure 4.11. Measured (top) and calculated (bottom) 2DTA spectra of Nmax=2 system acquired with back-
side excitation. Delay times are: (a),(e) 1 ps; (b),(f) 100 ps; (c),(g) 500 ps; (d),(h) 1000 ps. Cross peaks 
above the diagonal represent energy transfer between quantum wells with different n values. The 2DTA 
spectra are calculated using Equation (4.11) and the parameters in Table 4.1. In the simulated 2DTA 
spectra, the frequency variables are related to the spectral axes by 2 /
pump pu
c  =  and 2 /
probe pr
c  = .   
112 
Diagonal peaks with negative signs, which represent the sum of GSB and ESE responses, 
dominate the response of the Nmax=2 system at a delay time of 1 ps in Figure 4.11. Off-diagonal 
peaks with negative signs (i.e., the ESE response) correlate the initially populated quantum well 
to the quantum well in which the excitation resides at time, τ. For example, at a delay time of 1 
ns, the most intense cross peak associated with 570-nm excitation is found with 610-nm 
detection, which represents a transition between the n=2 and n=3 quantum wells.  Similarly, the 
prominent cross peak found with 610-nm excitation and 645-nm detection represents a transition 
between the n=3 and n=4 quantum wells. At delay times less than 1 ns, the weak signal strength 
found with 570-nm excitation and 645-nm detection suggests that the n=2 quantum well transfers 
an electronic excitation to the n=3 quantum well rather than directly to n=4. Thus, the patterns of 
resonances further support the assumptions associated with the kinetic model employed in 
Section 4.3.4. Signal emission at wavelengths longer than 700 nm, which is associated with the 
n=∞ layer, is below the noise floor of the experiment for the Nmax=2 system (i.e., the n=∞ 
concentration is low).   
In Figure 4.12, measured and calculated 2DTA spectra are presented for the Nmax=3 
system. As in Figure 4.11, good agreement between experiment and theory is found at 
wavelengths shorter than 700 nm, where the excitons are most tightly bound. Like the Nmax=2 
system, the pattern of resonances is consistent with a picture in which quantum well n primarily 
transfers energy to quantum well n+1 by way of an energetically “downhill” process. In the 
simulated 2DTA spectra, the signal intensity is underestimated at pump wavelengths less than 
650 nm and probe wavelengths greater than 700 nm. This discrepancy becomes apparent in less 
than 100 ps, which is fast compared to the cascade of energy transfer events. Therefore, rather 
than assigning these features to ultrafast inter-quantum well transitions, we attribute this 
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difference to pump absorption at wavelengths less than 650 nm by the n=∞ layer. The issue is 
that the model incorporates excitons for each quantum well but does not include the full 
manifold of higher-lying states for the n=∞ layer. Therefore, photo-initiated carrier cooling 
processes in which the n=∞ layer absorbs light far above the band gap are not accounted for. 
These cooling processes weakly influence energy transfer dynamics because of the low 
probability of the n=∞ layer transferring electronic excitations “uphill” to smaller quantum wells.  
The 2DTA spectra simulated in Figures 4.11-4.12 employ the parameters obtained in 
Section 4.3.4, which are based on experiments conducted with a 570-nm pump laser. If correct, 
all parameters should apply to 2DTA; however, the initial conditions depend on the pump 
wavelength. For this reason, these initial populations are estimated based on the linear 
absorbance spectrum and the transient absorption signal intensity at short delay times (i.e., before 
energy transfer takes hold).  
The 2DTA presented in this section confirm the following points. First, the 2DTA spectra 
for both systems do not exhibit off-diagonal GSB responses, which would be evident at a delay 
time of 1 ps (i.e., before energy transfer redistributes signal intensity). This aspect of the 2DTA 
spectra suggests perturbative Coulombic coupling between quantum wells (i.e., regime of energy 
transfer as opposed to exciton delocalization). Second, the 2DTA spectra further indicate that the 
energy transfer dynamics are dominated by transitions between quantum wells with indices that 
differ by 1. For example, cross peaks between the n=2 and n=3 quantum wells appear before 
those involving the n=2 and n=4 quantum wells in both systems, thereby suggesting sequential 
energy transfer processes. Of course, slow energy transfer dynamics between quantum wells 2 




Figure 4.12. Measured (top) and calculated (bottom) 2DTA spectra of Nmax=3 system acquired with back-
side excitation. Delay times are: (a),(e) 1 ps; (b),(f) 100 ps; (c),(g) 500 ps; (d),(h) 1000 ps. Cross peaks 
above the diagonal represent energy transfer between quantum wells with different values of n. The 
2DTA spectra are calculated using Equation (4.11) and the parameters in Table 4.2. In the simulated 
2DTA spectra, the frequency variables in Section 4.6 are related to the spectral axes by 2 /
pump pu
c  =  
and 2 /
probe pr
c  = . 
 
4.4 Summary of Photoinduced Relaxation Processes 
The relaxation scheme proposed in this work is summarized in Figure 4.13. Our analysis 
suggests that light absorption by the n=2 quantum well initiates a cascade of energy transfer 
processes in the direction of increasing n (i.e., towards the front of the film). Because of the 
spectral overlap factor in Förster’s rate formula (see Equation (4.16)), these energy transfer 
transitions occur sequentially between quantum wells whose indices differ by 1. Electronic 
excitations are funneled to the n=∞ layer within 1 ns, where they relax through radiative 
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recombination. In addition, we find that a separate non-radiative relaxation process must be 
introduced to fit transient absorption data. Evidence for this process indirect in the sense that it 
induces a decay in the signal magnitude but does not yield additional resonances in the visible 
spectral range. We assign these “dark” decay components to diffusion and non-radiative 
recombination at edge states based on recent literature for similar system.6 Of course, it is 
possible that numerous minor non-radiative decay channels such as exciton dissociation and/or 
charge transfer contribute to the decay in the signal magnitude as well. Experiments conducted in 
a wider spectral range may be required to assign these minor parallel processes without 
ambiguity. 
Most importantly, we conclude that the spectroscopic signatures observed in the visible 
spectral range signify energy transfer dynamics rather than electron and/or hole transport. First, 
the data are well-described with the basis set of bound single excitons and biexcitons (see Figure 
4.4). Next, the frequencies and line widths of the single exciton resonances in the transient 
absorption signals are quite similar to those exhibited by the linear absorbance spectrum, which 
should be expected for an excitonic response. Third, the data clearly indicate a sequential energy 
transfer processes between quantum wells whose indices differ by 1, which is consistent with the 
constraint imposed by the donor-acceptor spectral overlap in Förster’s rate formula (see Section 
4.6.2). Fourth, contributions from energy transfer dynamics should be anticipated for these 
systems based on the large transition dipoles and relatively short distances (0.9-nm) between 
neighboring quantum wells. As shown in Section 4.6.2, time constants on the order of 100 ps are 
predicted by Förster’s rate formula. Finally, the dipole-dipole coupling that drives energy 
transfer scales as the inverse of the distance between the donor and acceptor cubed (see Equation 
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(4.13)), whereas the coupling associated with charge transfer decays exponentially and will 
therefore be competitive only at short distances.  
Overall, it appears that the present systems are ideally suited for funneling electronic 
excitations to the n=∞ layer on the sub-ns time scale. The n=∞ layer then relaxes primarily by 
way of radiative recombination. Electron and hole transfer may contribute at longer delay times 
but will be outcompeted by energy transfer on the sub-500-ps time scale.  
 
Figure 4.13. Relaxation scheme for layered perovskite quantum wells. Energy transfer dynamics 
dominate the spectroscopic signals. Additional non-radiative decay pathways (e.g., radiation and defect-
assisted recombination) are proposed based on fits to the transient absorption data. Time constants 
associated with these processes are given in Tables 4.1 and 4.2. 
 
4.5 Concluding Remarks 
In summary, transient absorption experiments and model calculations have been used to 
reveal an energy funneling mechanism in the present layered 2D perovskites. Following light 
absorption, electronic excitations are sequentially transferred between quantum wells in the 
direction of increasing n on the sub-ns time scale (see Figure 4.13). This cascade of energy 
transfer processes is both energetically and spatially directed because the average value of n 
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increases from the back to the front of the film. We additionally find that secondary non-
radiative decay channels must be incorporated to fit the transient absorption data. These 
relaxation processes are assigned to non-radiative recombination at edge states based on recent 
literature;6 however, this conclusion is tentative because the spectroscopic signatures are indirect 
(i.e., edge state resonances are not observed in the transient absorption). Evidence for electron 
and/or hole transfer dynamics is not observed in these systems but this does not necessarily rule 
of such dynamics at longer time scales. For example, it is possible that electron and/or hole 
transfer dynamics do not yield intense resonances in the visible spectral range. Experiments 
conducted at longer delay times with more widely tunable probe pulses may be required to 
assign the dynamics that occur subsequent to energy funneling into the n=∞ layer. 
4.6 Supplemental Information 
4.6.1 Response Function for Transient Absorption Spectroscopy 
The transient absorption response (i.e., third-order perturbative optical response) is 
described with the six double-side Feynman diagrams shown in Figure 4.1421, 22, 49 Here, we have 
introduced the possibility of population transfer in the t2-interval between field-matter 
interactions, which corresponds to the pump-probe delay time (to a good approximation).  
The GSB signal components are given by 
                               ( ) ( ) ( ) ( ) ( )
43 0
1 , n n n n n npu pr n n e g g e pu e g pr
n
R p p     = −                     (4.4) 
and 
                           ( ) ( ) ( ) ( ) ( )
43 0
2 , , n n n n n npu pr n n e g e g pu e g pr
n
R p p      = −    ,                 (4.5) 
where 
,ex n is the transition dipole for  single exciton resonance in quantum well n , pu  is the 
pump frequency, 
pr  is the probe frequency, and ( ),ex n   is a Gaussian line shape,  
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  = −
 
 
 .                                  (4.6) 
Spectroscopic line shapes are usually taken to be Lorentzian when the signal is written as a 
product of functions.21 The assumptions needed to support Gaussian line shapes, which are 
motivated by agreement with the experimental measurements, are outlined in Appendix C. The 
ESE signal components are written as  
                          ( ) ( ) ( ) ( ) ( )
2 23 0
3 , n n m m n n m mpu pr n m e g e g e g pu e g pr
nm
R p p      = −                 (4.7) 
and                       
                      ( ) ( ) ( ) ( ) ( )
2 23 0
4 , n n m m n n m mpu pr n m e g e g g e pu e g pr
nm
R p p      = −   .             (4.8) 
Energy transfer transitions from quantum well n  to quantum well m  are incorporated 
into the t2-interval between field-matter interactions in the ESE response functions (see Figure 
4.13). The ESA signal components, which similarly account for energy transfer dynamics, are 
given by 
                       ( ) ( ) ( ) ( ) ( )
2 23 0
5 , , n n m m n n m mpu pr n m e g f e g e pu f e pr
nm
R p p       =              (4.9) 
and 
                     ( ) ( ) ( ) ( ) ( )
2 23 0
6 , , n n m m n n m mpu pr n m e g f e e g pu f e pr
nm
R p p       =    .          (4.10) 
The signs of the response function represent the change in absorbance, ΔA. Resonances 
in the GSB and ESE will correspond to ΔA<0, whereas the ESA response yields peaks with 
ΔA>0. 
The transient absorption signal is obtained by summing over these six terms, 
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, , , ,TA pu pr j pu pr
j
S R     
=
  .                                     (4.11) 
4.6.2 Estimation of Energy Transfer Rate 
In this section, we compare the empirical rate constants to predictions based on the 
Förster model for energy transfer.19 To begin, transition dipole magnitudes of the quantum wells, 
 , can be derived from experimentally determined oscillator strengths, f , using50 












,                                                        (4.12) 
where   is the angular frequency associated with the excitonic transition. In order to estimate 
the energy transfer rate, we employ oscillator strengths of f =0.3 for the n=2 and n=3 quantum 
wells.11 The transition dipole corresponding to this oscillator strength is 15.6 D. The Coulomb 
coupling between transition dipoles for quantum wells 2 and 3 can be written as20  
                                    
( )( )1 3 2 3 2 23 3 23
23 2 3
23





   −  −   
=  
 
,                            (4.13) 
where 
k  is the transition dipole for quantum well k , 23n̂  is a unit vector between the quantum 
wells, and 23d  is the distance between dipoles. The distance, 23d , must be greater than or equal 
to the 0.9-nm thick organic layer.10, 11 The constant prefactor in Equation (4.13) applies to 
transition dipoles with units of Debye and an inter-dipole distance in units of nanometers. The 
coupling is given by 









 −  
  
 
,                                          (4.14) 
if we assume that the transition dipoles are coplanar and randomly oriented (see Appendix C).51 
We further assume that rotational diffusion of the transition dipoles is faster than the energy 
transfer time-scale.52 Alternate constraints can be introduced for the time-scale of dipole 
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diffusion; however, these details will not significantly impact the present order-of-magnitude 
estimate for the energy transfer rate. We compute the distance, 23d , under the assumption that 
the transition dipoles are located in the centers of the lead-halide quantum wells using  








 + ,                                                 (4.15) 
where the integers 2 and 3 in the numerator represent the indices of the quantum wells, and each 
I-Pb-I unit is assigned a 0.64-nm distance.5 With these parameters, the coupling strength, 23J , is 
equal to 75 cm-1 (9.3 meV). 
The energy transfer rate can be computed with20 





K d    

−
=  ,                                                (4.16) 
where ( )2   and ( )3   are normalized optical spectra for quantum wells 2 and 3. The line 
shape of the donor, ( )2  , generally incorporates nuclear relaxation via a Stokes shift. 
However, the Stokes shifts for the quantum wells are quite small because the peaks of the 
resonances differ by less than 100 cm-1 between the linear absorbance spectrum and the 
stimulated emission peaks in the transient absorption signals. We take the peaks of the 
resonances to be at 17,544 and 16,393 cm-1 (570 and 610 nm) for quantum wells 2 and 3. The 
resonances in the absorbance spectrum have FWHM line widths of approximately 1000 cm-1. 
Evaluation of the integral in Equation (4.16) yields an overlap factor of 0.16 with these 
parameters. An energy transfer rate constant of 0.02 ps-1 (time constant of 50 ps) is obtained by 
combining the coupling of 75 cm-1 (9.3 meV) with the overlap factor of 0.16. Following the 
same approach, we obtain a rate constant of 0.005 ps-1 (time constant of 200 ps) for quantum 
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wells 3 and 4; here we have assumed an inter-dipole distance of 3 nm and an oscillator strength 
of 0.3 for the n=4 quantum well. 
The estimated energy transfer time constants of 50 and 200 ps are in good agreement 
with the averages of the measured values of 88 and 150 ps (average of both systems); such 
agreement is noteworthy considering the idealized assumptions that must be made for this 
complex system. The dipole orientations, distances, and shapes of the transition densities can 
always be handled differently. Nonetheless, the present treatment firmly establishes the 
plausibility of energy transfer as the relaxation mechanism. This is important given the 
discrepancies in signal interpretation found in recent literature. In some systems, photoinduced 
dynamics have been assigned to energy transfer,18 whereas others have suggested that electron 
transfer is the primary relaxation mechanism.15 
 
Figure 4.14. Double-side Feynman diagrams for transient absorption response. Electronic states are labeled 
according to the definitions given in Figure 4.4. The resonance frequency for single exciton transitions is 
,eg n
 , whereas 
,fe n
  corresponds to the transition. The subscript, n , denotes the particular quantum well. 
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4.6.3 Cross Peaks Observed in Transient Absorption Spectra of Layered Perovskites 
In the supposed transient absorption signature for hole transfer,15, 53 photoexcitation of 
larger quantum wells at 700 nm (n>5) induces a quasi-instantaneous response in smaller 
quantum wells at shorter wavelengths. It has been suggested that the intensities of these 
resonances (i.e., cross peaks below diagonal) increase as the delay time increases due to hole 
transfer transitions; however, we do not observe such dynamics in our transient absorption data 
as discussed above. Moreover, we believe that there is a much simpler explanation for the 
instantaneous, blue-shifted resonances observed in these experiments: these cross peaks simply 
indicate that the quantum wells are coupled, which is inarguable considering the large transition 
dipoles and close proximities of the quantum wells.  
In order to isolate the responses of the excitons in transient absorption data, we employ 
an algorithm that was originally designed to separate resonance Raman and fluorescence signal 
components in spontaneous emission spectra.54, 55 To begin, a one-dimensional signal array is 
first sorted into ascending order, 
sort
i jS + . The broad baseline, 
base
iS , is then computed using the 
following formula 



















 − − −  
=
− − −  


,                                            (4.17) 
where W  and   are the window size and decay constant, respectively.  
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Figure 4.15. Transient absorption spectra of layered 2D perovskites are acquired at various excitation 
wavelengths: (a)-(c) 610, (d)-(f) 645, and (g)-(i) 700 nm. The directly measured transient absorption 
spectra (first column) are separated into components with broad (middle column) and narrow (right 
column) line widths. Signal magnitudes associated with the smaller quantum wells appear on the sub-ps 
timescale and do not rise at later delay times. These data are inconsistent with previously reported 
signatures of hole transfer.  
 
The directly acquired spectra are presented in the first column, the broad “baseline” is 
shown in the second column, and the narrowband component of the signal is displayed in the 
third column. With 610 nm pump pulses (first row), the response involves a progression of 
resonances with positive and negative signs, which have been discussed at length elsewhere. In 
the second row, the n=2 and 3 quantum wells respond weakly when the n=4 quantum well is 
directly photoexcited at 645 nm as shown in Figure 4.15f. Finally, the resonances of quantum 
wells with n=2, 3, and 4 are observed when the n=6 quantum well is directly excited at 700 nm 
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in the third row of Figure 4.15. These blue-shifted features appear on a pulse-width limited time 
scale, which means that the hole transfer time scale must be shorter than 500 fs if these features 
indeed represent such non-radiative transitions. The data in Figure 4.15i show unambiguously 
that the intensities do not grow as the delay time increases, which is inconsistent with results 
reported in recent literature.15 Rather, we find that the signal intensity gradually decreases as the 
delay time increases.  Notably, features with broad and narrow line widths must be properly 
separated in order to arrive at this conclusion.  
Rather than assigning the spectroscopic features to extraordinarily fast hole transfer 
transitions, we suggest that the blue-shifted resonances in the bottom row of Figure 4.15 (i.e., 
cross peaks) originate in transition dipole couplings between quantum wells. Indeed, a large 
body of work on molecular aggregates and photosynthetic proteins has shown that such cross 
peaks generally contribute to the ground state bleach and excited state absorption nonlinearities 
in systems with couplings that are on the same order of magnitude as those in the layered 
perovskites.56, 57 This is straightforward to show analytically for a pair of excitons in separate 
quantum wells which interact by way of transition dipole couplings. The Hamiltonian for such a 
system is given by58  
                                            ( )† † † †1 1 1 2 2 2 12 1 2 2 1Ĥ B B B B J B B B B=  +  + + ,                                (4.18) 
where 1  is the exciton resonance frequency at quantum well 1, 12J  is the transition dipole 
coupling between quantum wells, and †
1B  ( 1B ) is a creation (annihilation) operator for an 
excitation at quantum well 1. The Hamiltonian may then be set up and diagonalized in a direct 
product basis set: 1 2g g , 1 2e g , 1 2g e , and 1 2e e . The Frenkel-like single exciton eigenvectors 
are given by  
                                                       ( ) ( )1 2 1 2cos sine g g e + = +                                               (4.19) 
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and 
                                                       ( ) ( )1 2 1 2sin cose g g e − = − + ,                                           (4.20) 
where the mixing angle is  








= −  
 −  
.                                                         (4.21) 
The single exciton resonance frequencies are  
                                           ( ) ( )
1 2
2 2




g g J =  +   − + ,                                      
(4.22) 
whereas the energy of the biexciton state is 1 2 +  . Finally, the transition dipoles operator is 
written as 
                                        ( ) ( )† †,1 1 1 ,2 2 2eg egB B B B  = + + + ,                                                (4.23) 
where 
,1eg  is the transition dipole for an exciton in quantum well 1. The transition dipoles 
between eigenstates are given by 
                              ( ) ( )
1 2 , 1 2 ,1 ,2
cos sing g eg egg g     + = + = + ,                                      (4.24) 
                            ( ) ( )
1 2 , 1 2 ,1 ,2
sin cosg g eg egg g     − = − = − + ,                                     (4.25) 
                              ( ) ( )
1 2, 1 2 ,2 ,1
cos sine e eg ege e     + = + = + ,                                        (4.26) 
                            ( ) ( )
1 2, 1 2 ,2 ,1
sin cose e eg ege e     − = − = − + .                                       (4.27) 
The components of the transient absorption signal can now be written in this basis set. 
For convenience, we will write the signal components at delay times much shorter than energy or 
charge transfer processes to simplify the formulas as this addresses this issue at hand. The 
ground state bleach nonlinearity is written as 
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( ) ( ) ( )
( ) ( )
( ) ( )
( ) ( )
1 2 1 2 1 2
1 2 1 2 1 2
1 2 1 2 1 2 1 2






, , , ,
2 2
, , , ,
,GSB pu pr g g pu g g pr g g
g g pu g g pr g g
g g g g pu g g pr g g





    
  
   
   
+ + +
− − −
+ − + −
+ − − +




 ,                     (4.28) 
excited state emission is given by 
                          
( ) ( ) ( )
( ) ( )
1 2 1 2 1 2





,ESE pu pr g g pu g g pr g g
g g pu g g pr g g
S G G
G G




= − − −
− − −
,                       (4.29) 
and excited state absorption is assumed as a similar form, 
                       
( ) ( ) ( )
( ) ( )
1 2 1 2 1 2 1 2
1 2 1 2 1 2 1 2
2 2
, , , ,
2 2
, , , ,
,ESA pu pr g g e e pu g g pr e e
g g e e pu g g pr e e
S G G
G G
     
   
+ + + +
− − − −
= − −
+ − −
.                  (4.30) 
Here, represents a Gaussian line shape function, 


















 − = −
 
 
,                                (4.31) 
and the sign of the term reflects the change in absorption, ΔA. For convenience, we will assume 
that each resonance possesses the same line width,  . The transient absorption spectrum is given 
by the sum of these three components of the response function.21 Two-dimensional transient 
absorption signals simulated using these equations will possess cross peaks with equal intensities 
above and below the diagonal, which originate in the ground state bleach and excited state 
absorption nonlinearities. That is, cross peaks are detected even when the mixing angle is small 
when 
1 2 1 2, ,g g e e
 + −  and 1 2 1 2, ,g g e e − +  because these inequalities lift the cancellations between 
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competing terms. Therefore, cross peaks between quantum wells should not be viewed as an 
unambiguous signature of hole transfer when the quantum wells are coupled. 
It is instructive to consider that cross peaks between quantum wells vanish when the 
quantum wells are uncoupled; only in this physically implausible limit can the cross peaks 
observed experimentally be interpreted as unambiguous evidence of a non-radiative transition 
such as hole transfer. For uncoupled quantum wells (
12J =0), the three signal components are 
given by  
    
( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
4 4
,1 1 1 ,2 2 2
2 2 2 2
,1 ,2 1 2 ,1 ,2 2 1
,GSB pu pr eg pu pr eg pu pr
eg eg pu pr eg eg pu pr
S G G G G
G G G G
       
       
= − − − − − −
− − − − − −
, (4.32) 
    ( ) ( ) ( ) ( ) ( )
4 4
,1 1 1 ,2 2 2,ESE pu pr eg pu pr eg pu prS G G G G       = − − − − − − ,    (4.33) 
and 
                                
( ) ( ) ( )
( ) ( )
2 2
,1 ,2 1 2
2 2
,1 ,2 2 1
,ESA pu pr eg eg pu pr
eg eg pu pr
S G G
G G
     
   
= − −
+ − −
.                       (4.34) 
It is then straightforward to show that the transient absorption signal for an uncoupled system 
possesses only diagonal peaks, 
                    
( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
4 4
,1 1 1 ,2 2 2
, , , ,
2 2
TA pu pr GSB pu pr ESE pu pr ESA pu pr
eg pu pr eg pu pr
S S S S
G G G G
       
     
= + +
= − − − − − −
.        
(4.35) 
The experimental data and response function summarized in this section establish the 
following points 
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(i) Photoexcitation of a quantum wells induces a quasi-instantaneous response in smaller 
quantum wells (i.e., blue shifted resonances). The intensities of these cross peaks do not 
increase as the delay time increases. 
(ii) Cross peaks will be observed if the quantum wells interact by way of transition dipole 
couplings. These cross peaks reflect an imperfect cancellation between terms and do not 
suggest non-radiative transitions such as hole transfer.  
(iii) Trivial cross peaks between quantum wells will vanish only if the systems are uncoupled 
(see Equation (4.35)). This is not a realistic approximation for layered perovskites 
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CHAPTER 5: IMAGING CARRIER DIFFUSION WITH A DIFFRACTIVE OPTIC-
BASED TRANSIENT ABSORPTION MICROSCOPE 
5.1 Introduction  
Organohalide perovskites carry many advantages for use in solar cells and other 
optoelectronic devices.1-3 They can be processed from solution4 and have absorbance spectra that 
are readily tuned with control of the halide ratio5 and metal cation.6 Long diffusion lengths7, 8 and 
low susceptibility to trap-assisted recombination9, 10 have also been demonstrated, which is a 
remarkable result considering the flexibility of the ionic lattice.11 Slow vibrational cooling, 
which occurs on the time scale of 100 ps, is one source of enhanced carrier transport in 
perovskites.12-15 The extent to which grain boundaries and many-body decay processes influence 
carrier transport is also under investigation.8, 16, 17 
Carrier mobilities in organohalide perovskites have been determined using a variety of 
methods. Conventional (indirect) measurements of carrier diffusivities yield values (0.02-0.16 
cm2/s)7, 14, 18 that are an order of magnitude smaller than those obtained in a more direct manner 
with transient absorption microscopy (0.05-1.77 cm2/s).15, 19-21 Discrepancies in the diffusion 
coefficients determined using these two approaches are thought to represent the influence of 
grain boundaries.21 In the conventional approach, an electron ([6,6]-phenyl-C61- butyric acid 
methyl ester) or hole quencher (Spiro-OMeTAD) is placed in contact with the perovskite. 
Diffusion coefficients can then be determined under the assumption that electron transfer is 
instantaneous when an electron reaches the interface with the quencher. Although the 
conventional approach is often effective, the rate of electron transfer and the quenching 
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efficiency can vary significantly at different locations on heterogeneous interfaces.22 Such a 
breakdown in assumptions may lead to an underestimation of diffusion coefficients. By contrast, 
carrier diffusion within individual grains can be directly imaged with transient absorption 
microscopy, thereby eliminating contributions from grain boundaries when the laser is focused to 
a spot size smaller than an individual grain.  
Ultrafast transient absorption microscopy is a relatively new approach for studying 
carrier diffusion in nanoparticles and films.15, 19-21, 23-27 Systems under investigation include 
silicon nanowires,24 metal dichalcogenides,26 perovskite thin films,15, 19, 21 and various organic 
semiconductors.23 In these types of experiments, the pump beam is typically focused to a sub-
micrometer spot size and a probe beam is raster scanned in order to image carrier diffusion. 
Laser systems with megahertz repetition rates are best-suited to such point-by-point methods for 
image construction. In an alternate approach that is more appropriate for laser systems with 
kilohertz repetition rates, an entire femtosecond time-resolved image is obtained in a wide-field 
geometry without scanning the position of a laser beam.28, 29 Unfortunately, wide-field imaging is 
not well-suited for studies of carrier diffusion because the pump and probe beams are focused to 
large spot sizes on the sample. A method that combines wide-field imaging with the initiation of 
a localized distribution of carriers (on the micrometer length scale) is better-suited for laser 
systems with kilohertz repetition rates. 
In this work, we describe a diffractive optic-based, wide-field method for conducting 
transient absorption microscopy. To directly image carrier diffusion in organohalide perovskite 
systems, the pump and probe beams, which counter-propagate through the microscope objective, 
and are focused to 0.7 and 150 μm spot sizes on the sample surface, respectively. Up to 41 
transient absorption experiments are conducted in parallel using an array of pump laser beams 
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generated with a diffractive optic. This multibeam approach facilitates the rapid attainment of 
statistical information. The capabilities of the instrument are demonstrated with measurements 
conducted on lead iodide perovskite films and single crystals. This choice of systems is 
motivated by two goals. The first goal is to analyze the effects of grain boundaries on the 
diffusivities and relaxation processes. The second goal is to establish a fitting procedure that 
accounts for the dependence of the excited state lifetime on the position-dependent laser 
intensity.  
5.2 Experimental Methods 
5.2.1 Sample Preparation  
Methylammonium lead iodide perovskite films were prepared based on previously 
reported methods.30 Dimethylformamide (DMF) was obtained from Sigma-Aldrich, lead iodide 
was purchased from Alfa Aesar, methylammonium iodide (MAI) was obtained from Solaronix, 
and isopropanol (Optima grade) was purchased from Fisher Scientific. All materials were used 
without further purification.  
Fluorine-doped tin oxide (FTO) (Sigma-Aldrich; ~13 Ω/sq, approx. 1.1 cm2) substrates 
were cleaned via sonication for 20 minutes in a series of four solvents: Contrex AP glassware 
detergent in deionized water, deionized water, acetone, and isopropanol. Substrates were dried in 
a stream of nitrogen gas following the isopropanol wash.  
Precleaned FTO substrates and a lead iodide solution (0.83 M in DMF) were preheated at 
90°C for 30 minutes immediately before film deposition. Perovskites films were prepared using 
a two-step fabrication process. First, 50 μL of the pre-heated lead iodide solution was deposited 
onto the preheated substrate by spin coating at 6000 RPM for 20 seconds (3000 RPM/second 
acceleration). Immediately following the spin coating, 200 μL of MAI solution (10 mg/mL in 
isopropanol) was deposited on top of the lead iodide layer and allowed to soak into the film for 
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10 seconds. Excess solvent was spun off the film using the previously described spin cycle. The 
perovskite films were then annealed at 90°C for 40 minutes.  
The perovskite crystal was prepared with a space-limiting method reported elsewhere.31 
First, 461 mg of lead iodide and 159 mg of MAI were dissolved in 0.75 mL γ-Butyrolactone 
(from Sigma-Aldrich) and heated at 60 °C. A drop of the precursor solution was then deposited 
onto a glass slide (Fisher Scientific, pre-cleaned and used as received) and covered with a second  
identical slide. Thin perovskite crystals were then grown between the glass slides at 120 °C for 2 
hours.  
5.2.2 Transient Absorption Microscopy 
 
Figure 5.1. Transient absorption microscopy experiments are conducted with a diffractive optic-based, 
wide-field microscope. a) A diffractive optic is used to generate an array of pump beams which focus at 
different places on the sample. b) Array of 41 pump laser beams is focused onto the sample surface. c) 




All experiments are conducted with a 45 fs, 4 mJ Coherent Libra laser system with a 1 
kHz repetition rate. Continuum pump and probe pulses are produced by focusing 1.5 mJ of the 
800 nm fundamental beam into a 2 m long tube filled with argon gas to induce continuum 
generation. The continuum is then divided into pump and the probe beams with a 70:30 beam 
splitter. The two laser beams are passed through all-reflective 4F setups, which are based on 
1200 g/mm gratings and 20 cm focal length mirrors. Motorized slits at the Fourier planes are 
used to filter the desired portions of the pump and probe spectra. The spectrally filtered pulses 
have 250 fs durations and 5 nm widths. The continuum beams are then relayed into the 
microscope setup shown in Figure 5.1c. Pulse energies are controlled with neutral density filters. 
The operations performed by the diffractive optic-based microscope are illustrated in 
Figure 5.1a. Three beams are shown for clarity; however, arbitrary beam patterns can be 
generated by customizing the diffractive optic.32, 33 The pump is split into 41 beams with the 
diffractive optic (Holoeye) employed in this work (see Figure 5.1b). The two lenses placed 
before the microscope objective have 10 and 2.5 cm focal lengths, which reduce the angles 
between beams by 75%. The pump beams are then focused onto the sample with a microscope 
objective. The infinity-corrected microscope objective has a magnification of 40x, a numerical 
aperture of 0.95, and a working distance of 0.18 mm. The tube lens located between the objective 
and the detector is also infinity corrected and has an 18 cm focal length. With this objective, the 
FWHM spot size of each pump beam is 0.7 µm on the sample surface. The probe beam, which 
has a fluence of approximately 15 µJ/cm2 at the sample, is focused to a spot size of 150 μm from 
the opposite side of the microscope objective using a 10 cm focal length. Therefore, the probe 
intensity for a spot at one of the corners of the array of pump beams is 11% less than that of the 
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central beam (see Figure 5.1b). Of course, a difference of 11% is irrelevant in transient 
absorption experiments because differential absorption is independent of the probe intensity. 
  The complementary metal-oxide—semiconductor detector is 12-bit with a 1024×1280 
array of pixels and 915 Hz maximum frame rate (Phantom Miro C110). The detector is 
synchronized to the laser system at 1 kHz. An optical chopper, which is placed in the path of the 
pump beam, cycles the instrument between the pump-on, 1S , and pump-off, 2S ,  conditions at 
500 Hz. Differential absorption is then computed as ( ) ( )1 2log logA S S = − . Each differential 
absorption image is averaged over a total of 100 images in a single scan of the delay line. The 
delay line is scanned 30 times during each experiment. The signal profiles are overlaid for scans 
1-30 to rule out sample degradation. We do not observe variation in the signal profiles for data 
acquisition times up to 90 minutes. 
 
Figure 5.2. Control experiments are conducted to establish a model for signal processing. a) The decay 
rate decreases with distance from the center of one of the pump beams because of the decrease in laser 
fluence. Transient absorption signals measured at 760 nm for the b) film and c) crystal exhibit square root 
dependencies on the fluence of the pump beam (pump is at 570 nm).  
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5.3 Signal Processing 
Sensitivity of the photoluminescence quantum yield to the incident light intensity has 
been demonstrated in previous studies of organohalide perovskites.34-37 The quantum yield of 
light emission is compared to the spatially-averaged intensity (i.e., averaged over the beam 
profile) of the incident laser beam in these measurements. In the present experiments, it is 
important to account for variation of the carrier lifetimes across the Gaussian beam profile. As 
expected, we find that the lifetime is shortest in the center of the pump beam and increases at 
points displaced from the peak of the intensity distribution (see Figure 5.2a). Such variation of 
the lifetime promotes a delay-dependent expansion in the width of the signal spot that is 
unrelated to carrier diffusion. Incorporating this process into the algorithm for signal 
interpretation is important because the carrier diffusivity will be overestimated if the intensity 
dependence of the lifetime is not taken into account.  
The relaxation dynamics under investigation exhibit a clear dependence on the pump 
intensity as evidenced by variation of the lifetime within the laser spot. We account for such 
many-body relaxation processes with the modified diffusion equation, 










,                                       (5.1) 
where x  is a spatial coordinate (a one-dimensional slice through the peak of a two-dimensional 
Gaussian intensity distribution), N  is the carrier density, 0D  is a diffusion constant, 1  is the 
single-body carrier lifetime, 2  and is a two-body relaxation time. The carrier density, N , is 
linear in the fluence of the pump beam, which is the directly measured quantity. The 
proportionality factors estimated for the film and crystal are 4.23   1018 cm-1 μJ-1 and 4.23   
1018 cm-1 μJ-1, respectively. For example, the carrier densities calculated for the film and crystal 
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are 4.231018 and 4.521018 cm-3 at 27 μJ/cm2. The model used to estimate carrier densities is 
described in Appendix D. 
 
Figure 5.3. Transient absorption spectra measured for the perovskite (a) film and (b) crystal with a 570-nm 
pump wavelength. Imaging for both systems is conducted with at probe wavelength of 760 nm. 
 
Data processing involves calculating full-width-half-maxima of the signal spots at each 
delay point. The signal intensity is first normalized to 1 for each one-dimensional slice of the 
signal. On the left (smaller x value) side of the peak, two successive data points (x1, y1), (x2, y2) 
are located at a signal intensity of 0.5. The half-width-half-maximum coordinate on this side of 
the peak is then calculated with linear interpolation,  
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Figure 5.4. Transient absorption signals measured with 570-nm pump beam and 760-nm probe beam with 
a pump fluence of 40 μJ/cm2. Images measured for a perovskite film at delay times of (a) 1 ps, (b) 500 ps, 
and (c) 1000 ps. Images measured for a perovskite single crystal at delay times of (d) 1 ps, (e) 500 ps, and 
(f) 1000 ps. The sizes of the signal spots expand as the delay time increases because of carrier diffusion and 
intensity dependence of the carrier lifetimes.  
 
 
The relation between the signal intensity S(r, t) and carrier density N(r, t) must be known 
in order to fit the data. We have confirmed that the signal scales as the square root of ( ),N x  ,  
( ) ( ), ,S x A N x = ,                           (5.3) 
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where A  is a linear scaling parameter determined in the fitting process (see Figures 5.2b and 
5.2c). Such scaling is anticipated when interactions between electronic excitations are 












.                                   (5.4) 
The boundary condition for the differential equation is 
( ),0 0N  = .                                    (5.5) 
The least squares method is used to fit the data and obtain the parameters 0D , A , 1 , and 2 . 
5.4 Results and Discussion 
Both the film and crystal exhibit intense stimulated emission resonances near 760 nm as 
shown in Figure 5.3. Evidence for excitons has been presented for perovskites with crystalline 
domains in recent literature;27, 39 however, we do not observe signatures of excitons in this 
crystal (i.e., no excited state absorption in the 700-800 nm range). The transient absorption 
spectrum of the film red shifts at delay times less than 10 ps, whereas the peak of the signal is 
essentially independent of the delay time for the crystal. This difference between the spectra is 
partly due to a larger excited state absorption response in the film at detection wavelengths less 
than 740 nm. To compare both systems on similar footing, images are constructed with signal 
detection at 760 nm. The dynamics of interest occur on the nanosecond time scale and are 
therefore insensitive to the ultrafast red shift in the signal spectrum of the film. 
144 
 
Figure 5.5. Full-width-half-maximum spot widths measured for a methylammonium lead iodide 
perovskite film (top row) and single crystal (bottom row). The error bars represent two standard 
deviations, which are calculated for 41 and 33 spots on the film and crystal, respectively. These data 
suggest that dynamics in the film and crystal are associated with fluence-dependent carrier lifetimes and 
carrier diffusion, respectively. 
 
Transient absorption images measured for the perovskite film and crystal are presented in 
Figure 5.4. In both systems, the signal spots expand as the delay time increases due to carrier 
diffusion and/or intensity dependence of the carrier lifetimes. These two processes cannot be 
distinguished by inspection. Rather, it is necessary to vary the intensities of the pump beams and 
fit the intensity distributions of the signals. In addition, the shape of the signal intensity is 
maintained as time evolves for carrier diffusion, whereas the peak of the signal “flattens” when 
intensity dependence of the excited state lifetimes takes hold. Although Equation (5.1) is 
sufficient for such line shape analysis, conclusions about the influence of the pump intensity on 
the widths of the signal spots should be corroborated with measurements in which the intensity 
of the pump is varied over a wide range. 
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Figure 5.6. Statistical analyses of fitting parameters for perovskite film and single crystal: (a) diffusion 
coefficients, 0D ; (b) single-body relaxation rate, 
1
1
− ; (c) two-body relaxation rate, 1
2
− . The uncertainty 
intervals represent 2 standard deviations. These data confirm the negligibility of carrier diffusion in the 
perovskite film. In contrast, expansion of the signal spots observed for the perovskite crystal is dominated 
by carrier diffusion. 
 
Dynamics in the spatial widths of the transient absorption signal spots are displayed in 
Figure 5.5. Equation (5.1) adequately describes the dynamics in the spot widths for both samples 
at all pump fluences. In the film, the magnitude of the expansion in the spot widths becomes 
larger as the pump fluence increases, whereas the spot widths are fairly insensitive to the pump 
fluence in the crystal. The behavior of the film suggests that the spot widths increase primarily 
because the carrier lifetimes are shortest in the center of the signal spot (see Figure 5.2a). This 
fluence-dependent effect on the spot widths is associated with the two-body contribution to the 
relaxation time, 2 . In contrast, the delay-dependent increases in the spot widths determined for 
the crystal are insensitive to the fluence of the pump, which indicates that carrier diffusion is 
responsible for the dynamics. 
The fitting parameters obtained for the perovskite film and crystal are compared in Figure 
5.6. The error bars span ranges equal to 2 standard deviations. The parameters are obtained by 
fitting the transient absorption dynamics at each spot on the sample surface with Equation (5.1). 
The means and standard deviations for each of the parameters are then calculated for 41 and 33 
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spots for the film and crystal, respectively. Fewer laser spots are processed for the crystal 
because of light scattering at defects. 
The diffusion coefficients, 0D , determined for the single crystal are near 0.20 cm
2/s for 
most pump fluences, whereas those obtained for the film are close to 0.01 cm2/s. Diffusivities of 
the carriers in the film are below the lower limit of the range of values reported in earlier studies 
(0.02-0.16 cm2/s).7, 14, 18 In contrast, the diffusion coefficients determined for the crystal are 
within the range of those reported in recent transient absorption microscopy measurements 
conducted on individual grains (0.05-1.77 cm2/s).15, 19-21 The smaller diffusivities determined for 
carriers in the film are consistent with the dynamics in the spot widths displayed in Figure 5.5. 
Notably, the parameters, 0D  and 2 , are governed by dynamics in the shapes of the signal spots 
(i.e., the peak of the signal spot flattens when two-body dynamics contribute). For this reason, 
Figures 5.5 and 5.6 represent independent ways to differentiate diffusion and intensity 
dependence of the carrier lifetimes.  
Our data suggests that the difference in diffusion coefficients, 0D , obtained for the film 
and crystal are associated with grain boundaries. The grain sizes in the film are on the order of 
0.2 μm, which is smaller than 0.7 μm spot sizes of the pump laser. Thus, the experimental 
measurements are sensitive to inter-grain carrier diffusion processes in the film (i.e., insensitive 
to diffusion within the grains). This may explain why the diffusion constants for the film derived 
from our measurements are smaller than those reported in recent transient absorption 
microscopies.15, 19, 21   
 5.5 Conclusion 
In summary, the present approach for conducting transient absorption microscopy solves 
several technical challenges associated with the use of a 1 kHz laser system. First, the data 
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acquisition time is minimized by employing a wide-field geometry, in which the pump and probe 
beams counter propagate through the sample. The pump beams are focused to spot sizes with 
FWHM of 0.7 μm, whereas the spot size of the probe beam is 150 μm. In this configuration, an 
entire image of the sample can be obtained in less than 1 second without raster scanning 
individual laser beams on the sample surface. Second, a diffractive optic is used to generate an 
array of 41 pump beams. Conducting many transient absorption experiments in parallel allows 
statistics to be quickly compiled.  
The capabilities of the instrument are demonstrated with applications to a 
methylammonium lead iodide perovskite film and crystal. Our data suggests that carrier 
diffusion in the film is essentially negligible on the nanosecond time-scale, whereas the diffusion 
coefficients in the crystal are approximately 0.2 cm2/s.  Measurements conducted at multiple 
pulse energies are required to distinguish between two mechanisms for delay-dependent 
expansions in the spot widths: carrier diffusion and intensity dependence of the carrier lifetimes. 
We conclude that the spot widths expand in the film because of intensity-dependence of the 
carrier lifetimes rather than carrier diffusion. These differences between the film and crystal are 
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CHAPTER 6: IMAGING EXCITED STATE DYNAMICS IN LAYERED 2D 
PEROVSKITES WITH TRANSIENT ABSORPTION MICROSCOPY 
6.1 Introduction  
The extraordinary optoelectronic and photovoltaic properties of conventional 
perovskites1-3 have renewed interest in two-dimensional (2D) hybrid perovskite quantum wells 
as a more stable alternative.4-6 Perovskite quantum wells are generally described by the chemical 
formula A2Bn-1MnY3n+1, where A is a bulky organic cation, B is a smaller cation, M is metal 
cation, and Y is a halide. The A cation serves as an insulator that surrounds portions of the 
conductive perovskite lattice, thereby confining excitations to the conductive layers. These 
materials initially drew attention because of fundamental interest in their electronic structures;7-10 
however, such confinement effects may be leveraged in these 2D systems to optimize resonance 
frequencies, binding energies, and oscillator strengths for optoelectronic applications.11-16 
Photoexcited electron-hole pairs are quantum-confined in these systems because the thicknesses 
of the quantum wells are smaller than the Bohr radii of the excitons.7 The general behaviors 
predicted with simple analytical models (e.g., 2D hydrogen atom)17-19 are realized in 2D 
perovskites, where the binding energies and oscillator strengths far exceed those found in 3D 
perovskites.  
It has recently been shown that 2D perovskite quantum wells with different sizes can be 
suspended in thin films with a gradient in the exciton absorption frequency.12, 13, 20 As shown in 
Figure 6.1, quantum wells with the smallest thicknesses and highest-frequency resonances are 
concentrated near the glass substrate, whereas those with the largest thicknesses are found near 
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the air-side of the film.20-22 The systems considered in this work are described by the formula 
(PEA)2(MA)n-1[PbnI3n+1], where MA is methylammonium and PEA is phenethyl ammonium. The 
band gaps decrease as the index, n, increases; excitonic resonances for n=1-6 quantum wells span 
the 515-705 nm wavelength range. Whereas energy transfer dominates the sub-200 ps time 
scale,21 the energy levels of the quantum wells are arranged such that hole transfer may occur 
from the air- to glass-sides of the film at later times.20  
 
Figure 6.1. a) A schematic depiction of the gradient in quantum well concentrations throughout a layered 
perovskite film. The smallest quantum wells are most highly concentrated on the glass side of the film, 
whereas the thickest quantum wells are most prevalent on the air side. b) The excitonic resonances of the 
quantum wells decrease as the thickness increases, enabling a downhill energy transfer cascade. Electron 
transfer may proceed in the same direction as energy transfer, while holes are expected to move to higher 
energy states.  
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In this work, we establish the gradients in quantum well concentrations throughout the 
full thickness of the film, as well as the orientations of transition dipoles. Further, we image the 
dynamics of electronic excitations in layered 2D perovskite quantum wells with transient 
absorption microscopy (TAM).23-30 Layered films and phase-pure single crystals are compared to 
establish diffusivities and two-body recombination rates. This approach takes inspiration from a 
previous study in which carrier diffusion was shown to be most prominent in 3D perovskite 
single crystals, whereas two-body recombination dominated in films.28 These data suggest that 
disordered grains and/or grain boundaries promote two-body recombination by confining 
excitations to smaller volumes. The finding of enhanced two-body relaxation rates in the present 
layered 2D perovskite films may suggest a general behavior, wherein the morphology is of 
comparable importance to the intrinsic properties of the semiconductor in deciding the nature of 
the dynamics. 
The photoinduced relaxation scheme associated with these particular layered perovskite 
systems was previously mapped out using conventional transient absorption techniques.21 These 
data suggest that the large transition dipoles (>10 D),10 short inter-quantum well distances (0.9 
nm),9 and staggered band gaps combine to promote energy transfer into the thickest quantum 
wells in less than 300 ps.21 This interpretation of the dynamics is supported by response function-
based fits of transient absorption spectra in a basis of single excitons and biexcitons.21, 22 
Consistent with the large exciton binding energies found in these systems,31 our data show that 
electron transfer between quantum wells is not responsible for the dynamic red shift in signal 
intensity observed in the visible wavelength range on this time scale.21, 22 In addition, we find 
that 40-50% of excitations relax by way of “dark” decay pathways, which may represent exciton 
dissociation at “layer edge states”.32  
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6.2 Experimental Methods 
6.2.1 Sample Preparation 
Two-dimensional perovskite films were prepared based on previously reported 
methods.11 Phenethyl ammonium iodide (PEAI) and dimethylformamide (DMF) were obtained 
from Sigma-Aldrich, lead iodide was obtained from Alfa Aesar, and methylammonium iodide 
(MAI) was obtained from Solaronix. All materials were used without further purification.  
ITO-coated coverslips (SPI; 30-60 Ω resistivity, 22x22 mm) were cleaned via sonication 
for 20 minutes in a series of four solvents: Contrex AP glassware detergent in deionized water, 
deionized water, acetone, and 2-propanol. Substrates were dried in a stream of nitrogen gas 
following the 2-propanol wash, then cleaned via UV-ozone for 15 minutes at 150°C. Clean slides 
were preheated at 100°C for ~15 minutes immediately before film deposition. FTO slides 
(Sigma; ~13 Ω/sq, ~2x2 cm) were used as substrates for focused ion beam (FIB) and scanning 
electron microscopy (SEM) studies and were prepared in the same manner as the ITO-coated 
coverslips, excluding treatment with UV-ozone.  
These 2D perovskites employed in these studies were made from a blend of nominally 
Nmax =2 and Nmax =3 precursors (here we use the notation from Reference 
21). The Nmax =2 
solution, containing a 2:1:2 molar ratio of PEAI, MAI, and PbI2, respectively, was prepared by 
dissolving PEAI (0.288 g), MAI (0.092 g), and PbI2 (0.533 g) in DMF (2 mL).  The Nmax=3 
solution, with a 2:2:3 molar ratio of PEAI, MAI, and PbI2, respectively, was prepared by 
dissolving PEAI (0.288 g), MAI (0.184 g), and PbI2 (0.800 g) in DMF (2 mL). The blended 
precursor was obtained by combining 150 μL Nmax=2 solution, 400 μL Nmax =3 solution, and 200 
μL DMF. The resulting precursor blend was then filtered using a 0.2 μm PTFE syringe filter to 
remove any particulates.  
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Films were prepared by spin coating 150 μL of filtered precursor blend at 3000 RPM for 
20 seconds (1500 RPM/second acceleration) onto the clean, preheated substrate. Spin coating 
procedures were conducted within a glove box to promote smoother morphology of the resulting 
films.   
For 2D perovskite crystals, the synthesis of n-butylammonium iodide (BAI) and MAI 
were conducted based on previously reported methods.22 Briefly, unstabilized hydroiodic acid 
(HI; 57 wt% in water; obtained from Sigma-Aldrich) was purified using tributyl phosphate (0.36 
M) in chloroform. Purified HI was then reacted with stoichiometric quantities of n-butylamine or 
methylamine (both from Sigma-Aldrich). The crude product was obtained under reduced 
pressure and recrystallized in ethanol. The final product was washed with ethyl ether and dried 
under vacuum at 60°C. 
Synthesis of (BA)2(MA)n-1PbnI3n+1 (n=1, 2, and 3) crystals was based on a previously 
reported procedure, with some modifications.  For n=1, a slow cooling method was used.33 
Briefly, stoichiometric quantities of PbI2 (Alfa Aesar) and n-butylamine were dissolved in a 
minimum volume of HI (57 wt% with stabilizer; Alfa Aesar) at 95°C. Once fully dissolved, the 
solution was slowly cooled to room temperature at a rate of 1°C/hour. The resultant orange 
crystals were filtered and dried under vacuum overnight. For n=2 and n=3, a slow evaporation 
method was used.34 Briefly, stoichiometric quantities of PbI2, BAI, and MAI were dissolved in a 
mixed solvent of  HI (57 wt% with stabilizer) and H3PO2 (Sigma-Aldrich) with 5.88:1 ratio at 
60°C. Once fully dissolved, the solution was evaporated slowly overnight. The crystals were 
collected and dried with filter paper. Finally, the crystals were dried under vacuum overnight.  
Micro-sized flakes were isolated and transferred to microscope slides via mechanical 
exfoliation. Briefly, the perovskite crystals were exfoliated by Scotch tape (3M) for 5-10 times 
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and then transferred to a precleaned glass microscope slide. Crystals were selected for 
measurements based on absorbance and fluorescence spectra obtained using a Craic 20/30 PV 
microspectrophotometer (MSP). From the n=3 synthesis, a small amount of n=4 phase was also 
isolated and studied in this work.  
6.2.2 Transient Absorption Microscopy 
The TAM instrument used in this work was described in a previous publication.28 Briefly, 
all experiments are conducted with a 45 fs, 4 mJ Coherent Libra laser system with a 1 kHz 
repetition rate. Continuum pump and probe pulses are produced by focusing 1.5 mJ of the 800 
nm fundamental beam into a 2 m long tube filled with argon gas to induce continuum generation. 
The continuum is then divided into pump and the probe beams with a 70:30 beam splitter. The 
two laser beams are passed through all-reflective 4F setups, which are based on 1200 g/mm 
gratings and 20 cm focal length mirrors. Motorized slits at the Fourier planes are used to filter 
the desired portions of the pump and probe spectra. The spectrally filtered pulses have 250 fs 
durations and 6 nm widths. The bandwidth of the pump pulses is set equal to 6 nm in all 
experiments. The bandwidth of the probe pulses is set to 6 nm for measurements of transient 
absorption spectra and 12 nm for studies of spot width dynamics to maximize dynamic range. 
Pulse energies are controlled with neutral density filters. 
A diffractive optic (Holoeye) is used to split the pump into 41 beams which are then 
focused onto the sample with a microscope objective. The infinity-corrected microscope 
objective has a magnification of 40x, a numerical aperture of 0.95, and a working distance of 
0.18 mm. The tube lens located between the objective and the detector is also infinity-corrected 
and has an 18 cm focal length. The FWHM spot size of each pump beam is 1.0 µm on the 
sample surface. The probe beam, which has a fluence of approximately 15 µJ/cm2 at the sample, 
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is focused to a spot size of 150 μm from the opposite side of the microscope objective using a 25 
cm focal length lens. The probe intensity varies by less than 12% at the various pump spots 
because the probe diameter is larger than the field-of-view. Such small differences in the probe 
intensity are irrelevant in transient absorption experiments because differential absorption is 
independent of the probe intensity. 
 The CMOS detector is 12-bit with a 1024×1280 array of pixels and 915 Hz maximum 
frame rate (Phantom Miro C110). The array is synchronized with our 1 kHz laser system in a 
480×640 pixel binning mode. An optical chopper, which is placed in the path of the pump beam, 
cycles the instrument between the pump-on, 1S , and pump-off, 2S , conditions at 500 Hz. 
Differential absorption is then computed as ( ) ( )1 2log logA S S = − . Each differential absorption 
image is averaged over a total of 100 images in a single scan of the delay line. The delay line is 
scanned 20-30 times during each experiment. We do not observe variation in the signal profiles 
for data acquisition times up to 90 minutes. 
6.2.3 Focused Ion Beam Milling 
Focused ion beam (FIB) milling experiments35 are conducted with an FEI Helios 600 
Nanolab Dual Beam System for both sample milling and SEM image collection. Prior to FIB 
experiments, layered perovskite films are coated with ~3 nm of Au/Pd via sputtering to prevent 
excessive charging within the electron microscope.  
Perovskite films are patterned with four 10 µm x 10 µm squares that are milled to depths 
indicated Figure 6.2 (Figures E.1-E.4 in Appendix E) by accelerated Ga+ ions (30 kV). Ion beam 
current is varied between 28 and 93 pA to achieve well-defined milled areas while maintaining 
reasonable patterning times. SEM images are obtained using an 86 pA electron beam current and 
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5.00 kV accelerating voltage. Cross-sectional SEM images are obtained under the same 
conditions. 
Exact thicknesses of the milled areas are determined with an Asylum Research MFP3D 
atomic force microscope (AFM) equipped with a silicon tip (see Figures E.5-E.8 in Appendix E 
for AFM depth profiles). The linear absorbances of the full thickness films and milled areas are 
obtained using the MSP equipped with an Ultrafluar 40x objective. All spectra are collected 
using a 6.2 µm x 6.2 µm aperture to sufficiently average over the heterogeneity of the film 
within the milled regions. Integration times between 300 and 400 ms are used, depending on 
sample thickness, to achieve high signal quality; all absorbance profiles were collected 300 times 
and averaged. 
6.3 Results and Discussion 
6.3.1 Concentration Distributions and Orientations of Quantum Wells 
In previous work, fluorescence spectra acquired with light incident on opposite sides of 
layered perovskite films demonstrated that the smallest and largest quantum wells are primarily 
concentrated near the glass and air sides of the films, respectively.20, 21 Notably, these 
measurements do not provide profiles of particular quantum well concentrations as a function of 
depth. For example, fluorescence spectra cannot determine if the smallest quantum wells are 
homogeneously distributed under a layer of bulk material, or if the average sizes of the quantum 




Figure 6.2. a) Representative SEM images of four milled regions with indicated depths, as determined by 
AFM. b) Cross-sectional SEM image showing the full thickness of the layered perovskite film. c) 
Average absorbance line shapes for full thickness films and milled regions. The average line shapes are 
calculated from milled regions on multiple samples with depths that differ by no more than 20 nm. See 
Figures E.1-E.4 in Appendix E for complete characterization of individual samples. d) Average 
absorbance spectra normalized to the n=3 exciton resonance at 610 nm. e) The representative fit of the 
continuum (red) and total absorbance line shape (blue) for 245 nm milled region. The black line 
represents the experimental measurement. f) The average change in quantum well concentration as a 
function of milling depths.  
 
In order to directly observe and quantify the layered morphology suggested by 
fluorescence measurements, linear absorbance spectra were measured as a function of depth 
using FIB milling experiments. FIB techniques and accelerated Ga+ ions were used to mill 
perovskite films because of the highly tunable and controlled strength of the ion beam, which 
allows for milling to a variety of specific depths without compromising the integrity of the 
remaining sample. Due to subtle differences in the interaction of Ga+ ions with the sample, the 
same parameters used for the FIB may result in slightly different depth profiles as observed in 
the AFM data. After patterning the samples and determining the milled depths (Figure 6.2a), the 
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concentrations of the quantum wells could be extracted from linear absorbance spectra of the full 
thickness and milled regions (Figure 6.2c). Subtraction of the broad absorbance line shape 
associated with continuum states is first accomplished using an algorithm designed to separate 
resonance Raman signals and fluorescence signals.36 After removing the broad component of the 




















      (6.1) 
where nc is the magnitude, n  is the exciton resonance frequency, and nd is the line width of the 
resonance for quantum well n. An exemplary fit is shown in Figure 6.2e; good agreement with 
experimental results is achieved when Equation (6.1) is combined with the continuum line shape. 
Fractional quantum well concentrations are plotted as a function of milling depth in 
Figure 6.2f. The points at a depth of 0 nm represent the full-thickness film, whereas the depths of 
the milled regions are indicated on the horizontal axis. The data suggest that the concentrations 
of n=3 quantum wells are essentially constant at milling depths down to 250 nm; however, the 
deviation from linear behavior in the 250-375 nm range reflects a decrease in concentration 
closer to the substrate. In contrast, the n=1 and n=2 concentrations are negligible at milling 
depths less than ~150 nm, whereas homogenous distributions are suggested by the linear 
decrease in concentrations measured at greater depths. These data confirm that the quantum 
wells exhibit concentration gradients as suggested by earlier fluorescence data.21 The 
concentrations of larger quantum wells could not be determined in these films because the 
intensities of the resonances are comparable to or less than the noise level. 
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Figure 6.3. Absorbance spectra of layered perovskite film measured with p-polarized light are insensitive 
to the angle of incidence. This suggests that the quantum wells have random orientations. 
 
During milling experiments, there is potential for FIB-induced amorphization and 
deformation of the remaining perovskite film due to bombardment with high-energy Ga+ ions. 
FIB studies of crystalline metals and semiconductors, as well as polymer materials, estimate the 
Ga+ penetration depth at 20-60 nm when using a 30 kV accelerating voltage.37 Similar milling 
experiments on polystyrene and PMMA thin films38 and even perovskite solar cells39 report 
minimal damage to the morphology of the remaining material (10 nm or less) over the course of 
FIB milling. These reports, combined with remaining quantum well signatures, suggest 
amorphization does not play a significant role in this experiment.  
The relative orientations of neighboring quantum wells have important implications for 
energy transfer efficiencies and optical properties. In an ideal coplanar geometry, the transition 
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dipole coupling scales as the inverse square of the distance between quantum wells rather than 
the inverse cube when the quantum wells have infinite dimensions.40 Thus, it should not be 
assumed that the coupling scales as the inverse square of the distance between quantum wells if 
the orientations are random. In addition, the absorption coefficient for the film will depend on 
the angle of incidence if the transition dipole orientations are anisotropic. 
The orientations of the quantum wells are investigated by collecting absorption spectra 
with p-polarized light at various angles of incidence.41 At an incidence angle of 0°, the electric 
field vector of the light source is in the plane of the film, whereas the projection of the electric 
field onto an axis normal to the film increases as the angle of incidence increases. Thus, the 
absorbance spectra will be sensitive to the angle of incidence if the transition dipoles are 
primarily in-plane or out-of-plane. The insensitivity of the absorbance spectra in Figure 6.3 to the 
angle of incidence suggests that the quantum wells have random orientations. The finding of 
quantum wells with random orientations is consistent with our assumption that the transition 
dipole coupling scales as the inverse cube of the distance between quantum wells in Reference 21.  
6.3.2 Transient Absorption Spectra 
The transient absorption spectra presented in Figure 6.4 are obtained by scanning the 
wavelength of a probe beam after excitation with 530 nm pump beams. The line shapes vary 
little within the field-of-view for well-prepared films, whereas the signal magnitudes typically 
vary by 10-20% different spots. The 530 nm pump pulses are blue-shifted from the exciton 
resonances; however, each of the quantum wells absorbs light into higher-energy continuum 
states as evidenced by the intense single-exciton resonances with negative signs at 570, 610, and 
645 (n=2, 3, and 4 quantum wells). In previous work, fits of transient absorption data for this 
system showed that the initial photoinduced population of the n=2 quantum well is 
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approximately 1.3 and 3.8 times larger than those of the n=3 and 4 systems, respectively.21 The 
line widths of the resonances increase and the signal has a negative sign at wavelengths greater 
than 650 nm. These aspects of the spectra at longer wavelengths reflect loss of confinement and 
are consistent with the broad fluorescence spectra measured for the largest quantum wells in this 
system.21 
The progression of peaks with positive and negative signs is understood by decomposing 
the signal into ground state bleach (GSB), excited state emission (ESE), and excited state 
absorption (ESA) nonlinearities.42 In previous work, we have shown that the dominant features 
of the spectra are fully captured with a model in which each quantum well is treated as a three-
level system: ground, single-exciton, and biexciton states.21 Peaks with negative signs represent 
the single-exciton resonances in the GSB and ESE signal components. Each of the single-exciton 
transitions is accompanied by a single-to-biexciton resonance with a positive sign, which is 
associated with the ESA signal component. Notably, a similar progression of peaks with 
alternating signs has been assigned to a Stark effect induced by charge transfer excitons in 
perovskite nanoparticles;43 transient absorption spectra are modeled by differentiating the linear 
absorbance spectra in this interpretation. Although peaks with alternating signs are obtained by 
differentiating the linear absorbance spectrum, this collective view of the nonlinear response 
conflicts with the predictions of time-dependent perturbation theory.42 For example, the system 
evolves in a ground state population during the pump-probe delay in the GSB signal component. 
Therefore, the line shape of the GSB is insensitive to excited state dynamics and must enter the 
response function with a negative sign (ΔA<0). The GSB should be distinguished from the ESE 
signal component, which may undergo a dynamic red shift due to energy and/or electron transfer 
processes. The magnitude of the ESE terms in the response function may also decay because of 
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exciton dissociation, whereas the GSB signal component does not relax until the ground state is 
repopulated (i.e., the GSB and ESE can decay on different time scales). In contrast, the GSB and 
ESE become artificially entangled when transient absorption spectra are modeled by 
differentiating the linear absorbance spectrum to simulate a Stark effect. 
We consider a Stark effect induced by charge transfer excitons to be unlikely in the 
present system for several reasons: (i) the resonance frequencies do not change within 1.5 ns 
after photoexcitation;21 (ii) the dynamics of single and biexciton signal intensities are fully 
captured with coupled kinetic equations expressed in the single exciton basis;21, 22 (iii) 
confinement effects give rise to peaks with alternating signs in transient absorption spectra 
acquired for tightly bound excitonic systems such as molecular aggregates;44, 45 (iv) biexciton 
electronic states have been detected in layered 2D perovskites using a nonlinear optical 
technique designed to probe doubly excited states.46 If a Stark effect contributes in the present 
systems, charge transfer excitons must form at interfaces on the sub-500 fs time scale and have 
no impact on the resonance frequencies or dynamics for the subsequent 1.5 ns (i.e., the charge 
transfer excitons must lifetimes much longer than 1.5 ns).43 For these reasons, we consider 
biexciton electronic structure to be the most plausible explanation for the signals components 
with positive signs in the transient absorption spectra.  
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Figure 6.4. Transient absorption microscopy is conducted with a diffractive optic that produces 41 pump 
beams with 1.0 µm spot sizes. a) The dynamics are imaged with a wide-field probe beam whose diameter 
is much larger than the field of view. (b)-(d) the transient absorption spectra of the films exhibit a 
progression of peaks with negative and positive signs, which represent single-exciton and single-to-
biexciton transitions. The transient absorption line shapes vary little within the field of view for well-
prepared films.  
 
In addition to energy transfer, we found that 40-50% of electronic excitations relax by 
way of a “dark” nonradiative decay processes in each of the quantum wells.21 These “dark” 
decay processes, which enter the model in Reference 21 by way of an overall decay in signal 
intensity, do not produce resonances in the visible spectral range and therefore cannot be 
assigned without ambiguity. The time scale of the decay is consistent with excited-state 
deactivation at “layer edge states”;47 however, alternate exciton dissociation processes and/or 
charge transfer are possibilities. Further details regarding the fitting of transient absorption line 
shapes and extraction of rate constants from experimental data can be found in Reference 21. 
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6.3.3 Diffusion and Nonlinear Recombination Dynamics 
TAM experiments are conducted on both layered perovskite films and phase-pure n=2, 3, 
and 4 single crystals to understand the nature of the dynamics. This approach is motivated by 
previous work in which we found that the spot expansions in bulk perovskite crystals and films 
are dominated by diffusion and two-body recombination dynamics, respectively.28 The widths of 
the signal spots are fit at each delay time to produce the full width half maxima displayed in 
Figure 6.5. In the film, signal detection at 570, 610, 645, and 700 nm corresponds to the n=2, 3, 
4, and 6 quantum wells, respectively. The error bars in these plots represent standard deviations 
in the widths computed for the 41 signal spots; these uncertainty ranges represent a combination 
of sample heterogeneity and experimental error. Fast acquisition of statistical information is one 
advantage of conducting 41 experiments in parallel. Of course, TAM instruments based on MHz 




Figure 6.5. Spot widths are obtained by computing the averages (black points) and standard deviations 
(black bars) for 41 pump spots (the uncertainty ranges span 2 standard deviations). The averaged widths 
are fit with the diffusion equation (blue). Expansions of the signal spots in the film are dominated by two-
body recombination, whereas the dynamics in the crystals are associated with diffusion. 
 
The average values of the spot widths are fit with a diffusion equation as discussed in 
previous work,28 












                                                 (6.2) 
where x  is a spatial coordinate, N  is the carrier density, 0D  is a diffusion constant, and 2  
describes two-body recombination. A single distribution, N , is used to describe electrons and 
holes because of their similar effective masses and spatial distributions.31, 48, 49 This equation 
does not include a first-order term because it would not have an impact on the spot widths. If the 
initial distribution is Gaussian, then the widths will increase with the delay time but the 
distribution will remain Gaussian if 2  is set equal to zero. Two-body recombination produces a 
change in the spot widths that is unrelated to diffusion because the spatial distribution of 2N  is 
narrower than that of N .  
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The spot widths expand with the delay time in both films and crystals; however, the 
profiles, which are nearly linear in the crystals, exhibit a pronounced density-dependence in the 
films. Similar behaviors were observed in a comparative study of bulk perovskite films and 
crystals.28 Our analysis of those systems suggested that the dynamics are dominated by diffusion 
in the crystal, whereas two-body recombination processes induce spot expansions in the films. 
For this reason, we fit the profiles for the crystals with a single parameter, 0D  (i.e., 2  is set 
equal to zero because it induces curvature, whereas the experimental data points are linearly 
distributed). Similarly, the diffusion constants for the films are set equal to zero in these fits 
because the spot size expansions observed at delay times less than 500 ps are too fast for 
diffusion to be a physically reasonable interpretation; the diffusion constants of the films would 
be at least a factor of 105 larger than those determined for the crystals. The behaviors of the films 
are qualitatively consistent with quasi-ballistic effects in that the magnitudes of the spot 
expansions increase as the difference between the photon energy of the pump and band gap 
increases.48 However, the insensitivity of the spot widths to the pump wavelength displayed in 
Figure 6.6 suggests that quasi-ballistic dynamics do not occur in this system. Therefore, the spot 
widths for the films are fit with the two-body recombination parameter, 2 , alone. 
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Figure 6.6. Dynamics in the spot width measured for the films are insensitive to the pump wavelength. a) 
The n=4 quantum wells are probed at 645 nm following excitation at 530 and 610 nm. b) The n=∞ 
quantum wells are probed at 700 nm following excitation at 530, 610 and 645 nm. These data suggest that 
quasi-ballistic effects do not contribute to the dynamics in these systems. Rather, we assign the dynamics 
to a two-body recombination mechanism. 
 
Table 6.1. Fraction of free charge carriers estimated for quantum wells 
(a),(b)Parameters n=2 n=3 n=4 n=∞ 
 (cm-3) 2.941017 1.151018 9.131017 7.581017 
(a)
0/effm m  0.217 0.201 0.196 0.104 
bE (meV) 251 177 157 2 
f  0.016 0.031 0.050 0.504 
(a) 0m  is the mass of a free electron. 
(b) Parameters of n=2, 3, and 4 quantum wells are from Reference 31.  
(c) Parameters for n=∞ are from Reference 50 with the exception of 




The fitting parameters are summarized in Figure 6.7 with standard deviations produced 
by conducting experiments on five separate samples. The two-body recombination parameters, 
2 , determined for the films increases as the sizes of the quantum wells increases. For reference, 
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the two-body recombination coefficients obtained for bulk perovskite films are approximately 
3.310-9 cm3/s,28 which is in good agreement with values reported using alternate experimental 
methods (i.e., a range of 0.8-2010-9 cm3/s).52-58 We suggest that the trend in the 2  parameters 
displayed in Figure 6.7a represents an increase in the fraction of free charge carriers associated 
with a decrease in the exciton binding energies. The fraction of free charge carriers, f , may be 
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= −  
−    
                                       (6.3) 
where   is the excitation density, effm  is the effective mass, and bE  is the binding energy.  All 
parameters are given in Table 6.1.  The percentages of free charge carriers computed for the n=2, 
3, 4, and ∞ systems are 1.6, 3.1, 5.0, and 50%, respectively. The increase in the value of f  with 
the size of the quantum well is consistent with our finding that the two-body recombination 
parameter increases with the size of the quantum well. That is, two-body recombination requires 
two particles which are most likely electrons and holes (i.e., not a pair of excitons).53, 59-61 While 
it is reasonable to use the Saha equation for the present densities,62 it is possible that value of 
50% computed for the n=∞ system may be underestimated due to limitations of the model. 
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Figure 6.7. Different equations are used to fit spot widths obtained for a) films and b) single crystals 
based. Two-body recombination and diffusion dominate in the film and crystal, respectively. The n=∞ 
data point for the crystal is adapted from Reference 28. The uncertainty ranges represent standard 
deviations computed for five separate samples. 
 
The diffusion constants obtained for the single crystals, which are within the range of 
values previously reported for 3D perovskites (0.02-1.77 cm2/s),26, 28, 48, 52, 56, 63-65 vary by less 
than a factor of 3 and have overlapping error ranges (see Figure 6.7b). Therefore, we are 
reluctant to conclude that the larger quantum wells truly have larger diffusivities. It is possible 
that the larger diffusivities determined for the n=4 and ∞ systems represent an increase in the 
fraction of free charge carriers. More importantly, the observation of diffusion in the crystals 
suggests that such dynamics are suppressed in the films. As in Reference 28, we suggest that the 
presences of grain boundaries in the film promotes two-body recombination processes by 
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confining the excitations to individual grains. While lateral motion of excitons and/or free 
charges is suppressed in the films, diffusion of excitations may still be possible from the glass to 
air sides of the films because the ~0.5 μm film thickness is less than the ~1 μm grain size.21  
6.4 Concluding Remarks 
In summary, we have investigated the distribution of quantum well concentrations and 
spatial dynamics of electronic excitations in layered 2D perovskite films. The sizes of the 
quantum wells are shown to increase from the glass to air sides of the film, confirming the 
layering effect suggested by previous fluorescence data.21 This distribution of quantum well 
concentrations produces a gradient in excitation frequencies that facilitates a unidirectional 
energy transfer cascade (i.e., an energy funnel).  
As in our earlier study of 3D perovskite systems,28 TAM experiments demonstrate that 
ultrafast dynamics are dominated by diffusion and two-body recombination processes in single 
crystals and films, respectively.  The diffusivities of the 2D systems are not remarkable in that 
they are within the range of values previously reported for the bulk system. The two-body 
recombination parameters increase with the sizes of the quantum well for systems with n>3. This 
behavior is consistent with an increase in the fraction of free charge carriers with the size of the 
quantum well. The present work suggests that confinement of the charge carriers in the largest 
quantum wells enhances the two-body recombination rates as compared to the bulk perovskite 
film; the two-body recombination parameter obtained above for a quantum well with n=6 (2.3
10-7 cm3/s) is close to 100 times larger than that determined using the same approach for the bulk 
perovskite (3.310-9 cm3/s).28 Together with larger transition dipoles, the enhancement of two-
body effects in the quantum wells with n>4 suggests that the spontaneous emission rate will be 
much greater in the 2D systems as compared to the bulk.53 
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It has been established that bulk perovskites constitute effective gain media for 
microcavity lasers because of large oscillator strengths, long excited-state lifetimes, and large 
two-body recombination rates.59, 66 Of course, confinement of excitations in 2D quantum wells 
supports even larger oscillator strengths and exciton binding energies. In addition, the present 
work suggests that two-body recombination processes will also be enhanced in films composed 
of 2D quantum wells with n>4. Knowledge of how such two-body recombination processes vary 
with the sizes of the quantum wells may hold implications for the function of microcavity lasers 
based on layered 2D perovskite systems. Recent work on lead-bromide layered perovskites 
suggests that the energy funneling functionality of layered 2D perovskite systems may promote 
population inversion in the larger, quasi-3D quantum wells.67 These results are consistent with 
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CHAPTER 7: CONCLUDING REMARKS 
 The works presented in this dissertation have examined the light-harvesting dynamics 
within layered perovskite quantum wells. Through these studies, we have uncovered ultrafast 
energy transfer processes in perovskite quantum well films and extracted rate constants for these 
phenomena. Rigorous analysis of this data, based in response function formalism, revealed that a 
Förster-type downhill energy transfer cascade governs the ultrafast dynamics of these materials 
as opposed to charge transfer mechanisms. These conclusions are especially significant for the 
photovoltaic device community, wherein layered perovskites have been routinely lauded for their 
supposed charge transport properties.1, 2 
In addition to uncovering fundamental processes within these materials, this dissertation 
also includes the development of a transient absorption microscope (TAM) experiment suitable 
for commercial laser systems operating at repetition rates of tens to hundreds of kilohertz (kHz). 
Using our wide-field, diffractive optical element (DOE)-based TAM method, we gained access 
to carrier dynamics within both bulk and layered perovskite films and crystals. Based on the 
results of these experiments, we were able to parameterize processes like carrier diffusion and 
recombination. In particular, our findings suggest that the morphology of the material, such as 
the presence of grain boundaries, plays a more significant role in determining the carrier 
dynamics as opposed to chemical composition. For all species measured, dynamics in single 
crystals were dominated by carrier diffusion, which was negligible in thin films. We 
demonstrated that grain boundaries present in the heterogenous thin films stifle the diffusion of 
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carriers within both bulk and layered perovskite quantum wells, such that two-body 
recombination becomes the dominant mechanism.  
 Chapter 1 provides scientific background regarding layered perovskite quantum wells and 
their broader significance to both the solar energy and spectroscopy communities. In Chapter 2, 
the theoretical framework for the analysis and interpretation of transient absorption (TA) 
experiments on layered and bulk perovskites is presented. Chapter 3 offers the technical details 
of the TA spectroscopy and microscopy experiments, as well as detailed fabrication methods for 
perovskite thin films.  
 Chapter 4 covers our initial spectroscopic investigation of layered perovskite quantum 
wells. Through these studies, we sought to characterize both the electronic (excitonic) structure 
of these materials, as well as the nature of their ultrafast dynamics. To accomplish this, we 
developed a two-dimensional TA (2DTA) method using a tunable narrowband pump pulse and a 
white light probe produced in a sapphire.3-5 From a rigorous analysis based in response function 
formalism,6 we fully parameterized the Hamiltonian for our system of interest. In addition, we 
extracted energy transfer rate constants from quantum well index n to n+1 on the timescale of 
100s of ps.7 These results are fully consistent with a Förster-type energy transfer mechanism as 
opposed to the ultrafast charge transfer processes proposed in the literature.1, 2, 8-10  
 In Chapter 5, the development of our wide-field, DOE-based TA microscope is 
presented. This work was motivated by our need to study heterogenous materials, such as 
perovskite thin films, with microscopic resolution while maintaining reasonable data acquisition 
times when using a kHz laser system. Our multiplexing approach employs 41 pump beams 
obtained through use of a DOE, as well as a wide-field probe that illuminates the detector’s 
entire field-of-view.11, 12 As a result, 41 simultaneous TA measurements can be conducted in 
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parallel with microscopic resolution. This method produces statistical information that is critical 
when measuring such heterogenous samples as perovskite thin films.13  
 Additionally, Chapter 5 details the application of this TAM method to bulk perovskite 
crystals and films. Tracking the width of the 41 pump spots as a function of delay allows us to 
extract carrier dynamics within these materials, including carrier diffusion and recombination. 
When these results are compared for crystals and films, it is clear that diffusion dominates the 
dynamics of the crystals, whereas carrier recombination is the primary mechanism at work in the 
films. We demonstrate that the presence of ground boundaries limits the motions of the carriers, 
thereby stifling diffusion within the films.13 The diffusion constants extracted from the crystal 
measurements are consistent with those measured by other researchers using related methods.14-
17  
 In Chapter 6, we conducted TAM experiments on films and crystals of layered perovskite 
quantum wells. In addition to the energy transfer processes measured in Chapter 4, TAM studies 
provide access to the variance in TA spectra and dynamics as a function of local structure. As we 
did for bulk perovskites in Chapter 5, we also extracted trends in signal spot width as a function 
of delay to monitor carrier dynamics and motions in layered perovskites. Similar to the results of 
Chapter 5, we again found that diffusion is the dominant process in quantum well single crystals, 
while two-body recombination is responsible for the ultrafast dynamics in layered films. This 
phenomenon can also be explained by the grain boundaries present in the thin films. Further, our 
results indicate that the larger quantum wells exhibit larger recombination rate constants as 
compared to the smaller quantum wells. This trend is perhaps unsurprising when we consider the 
concomitant increase in the fraction of free carriers associated with a lesser degree of quantum 
confinement.18  
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 Chapter 6 also presents the results of FIB milling experiments, which were used to 
extract the relative concentration of individual quantum wells throughout the full thickness of the 
films. Consistent with features observed in steady-state emission measurements, the smallest 
quantum wells were observed in largest concentrations toward the substrate-side of the film. The 
air-side, however, consists largely of the quasi-bulk material.2, 7, 18, 19  
 While the results contained in this dissertation have described the ultrafast behavior of 
layered perovskite quantum wells, there are several remaining questions that require further 
investigation. For example, the directional increase in the average thickness of the quantum wells 
from the substrate- to air-side of the film may serve to funnel excitations both directionally (from 
the back to the front of the film) and energetically (from smallest to largest quantum wells). This 
behavior is analogous to that exhibited by light-harvesting proteins in the phycobilisome antenna 
complex, which are present in cyanobacteria membranes.20, 21 It has been demonstrated, 
however, that perovskite quantum well films can be fabricated in such a manner that produces a 
totally random distribution (i.e. there is no directional increase in average quantum well index).9, 
10, 19 Comparative studies on these materials using conventional TA and 2DTA spectroscopies, 
accompanied by the same rigorous analysis conducted in Chapter 4, may reveal the extent to 
which the layered architecture promotes directional energy transfer. In addition, the effect of 
quantum well distribution on device performance remains unclear. Some reports indicate that a 
higher concentration of smaller quantum wells towards the substrate-side of the film is beneficial 
for funneling blue-shifted excitations to the bulk material for photocurrent generation22 and 
maintaining charge separation,19, 23 while others claim that a uniform distribution of the bulk 
material promotes more rapid charge transfer.24 Additional spectroscopic investigations will be 
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required to unambiguously determine the role that quantum well distribution plays in the 
performance of photovoltaic cells.  
The layered perovskite quantum wells examined in this dissertation are all fabricated 
using similar spacer cations: bulky alkylammonium species with no electronic resonances in the 
visible spectral range. The electronic structure and properties of the spacer cations present an 
exciting avenue for future work. Currently, several groups have explored the effect of tailoring 
the chemical composition of the spacer cation in order to produce more efficient devices. In 
particular, aromatic- or halogen-substituted spacer molecules have been shown to strengthen the 
non-covalent interactions between the spacer molecule and perovskite lattice, thereby enhancing 
charge transport and overall device performance.23, 25, 26 In addition, substitution of visible-
absorbing dye molecules as the spacer may be leveraged to improve the charge transport 
efficiency between adjacent quantum wells. In this scenario, the dye spacer’s large transition 
dipole moment will couple more strongly with the perovskite layers than the insulating spacer, 
thereby promoting exciton delocalization. As delocalization increases, energy gaps for electronic 
transitions will accordingly decrease.27 In this limit, electrons are more likely to exchange across 
quantum wells due to decreased energetic barriers. Charge transport in layered perovskite 
quantum wells may therefore increase in efficiency when a dye molecule is incorporated as the 
spacer. Future work may focus on the development of these new spacer species, along with a 
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APPENDIX A: TA SPECTROSCOPY DATA ACQUISITION CODES 
The LabVIEW code is a home-built data acquisition program that is unique to the 
configuration and specifications of the hardware used in our TA experiments; a portion of this 
code is displayed in Figure A.1. Before initializing the spectrometer, the LabVIEW code takes in 
a series of parameters for the particular experiment. The clock frequency controls the sampling 
rate for an individual detector pixel and is always set to 2.5e6 Hz; the trigger channel 
corresponds to the input channel of the laser trigger signal, which controls the timing of the 
entire experiment. We set the integration time to 800 µs, which ensures that we capture the full 
laser pulse within the 1-ms pulse window while ensuring that we do not oversample and capture 
multiple pulses. We choose the number of spectra in order to achieve optimal signal-to-noise 
without drastically increasing our data acquisition time. Typically, 200 averages are sufficient in 
the case of the perovskite samples measured in Chapter 4. The size of our detector array is 1024 
pixels, which are converted to wavelength by calibrating the detector with a standard Hg lamp. 
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Figure A.1. The LabVIEW code that sends particular measurement settings to the spectrometer while 
initializing the measurement. Settings such as the clock frequency, trigger channel, and integration time 
are constant for every measurement. The number of spectra—200 averages in this figure—can be altered 
depending on the signal-to-noise ratio for a particular data set. This LabVIEW code is written for an 
experiment involving two choppers, which produces four different signal conditions. The size of our 
detector array is 1024 pixels, such that a single measurement produces a one-dimensional signal array of 
1024 elements after differencing and averaging. After inputting all of the parameters we have specified, 
the LabVIEW code initializes the spectrometer for measurement.  
 
 
 Use of two optical choppers creates a series of four signal conditions which are used to 
calculate the overall TA signal. The LabVIEW code for this calculation, as well as display panels 




Figure A.2. a) The LabVIEW code that records and indexes the four signal conditions for signal 
calculation. Signal 1 corresponds to the case of no pulses incident on the sample, signal 2 arises from 
interaction with only the probe, signal 3 is residual or scattered pump, and signal 4 contains contributions 
from both pump and probe interactions. These conditions are indexed according to n-1, where n is the 
signal condition displayed in the panels of b).  
 
The four signal panels given in Figure A.2b correspond to the measured spectrum when 
no pulses (signal 1), probe only (signal 2), pump only (signal 3), and both pump and probe pulses 
(signal 4) are incident on the sample. It is important to note that the contribution of the probe is 
much greater than that of the pump scatter, as the optical geometry selects for the transmission of 
probe pulse only.1 In order to determine which signal panel corresponds to a particular signal 
condition, the pump and probe are alternately blocked, and their appearance in particular signal 
panels is recorded. The relative phase between the pump and probe choppers is adjusted until the 
pulses are visualized in the correct windows. The code is constructed such that the number of 
spectra (200 averages) are collected for each signal condition, then averaged. The four average 
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APPENDIX B: TA MICROSCOPY DATA ACQUISITION CODES 
Because the camera is directly triggered by the laser and optical chopper, the LabVIEW 
routine to initialize TA microscopy measurements is fairly simple; a portion of the code is 
displayed in Figure B.1. Four parameters must be specified before a measurement can begin. We 
set the integration time to 500 µs in Figure B.1 in order to capture the full light signal. As with 
TA spectroscopy, the number of spectra controls the number of data sets we collect before 
averaging. Because TAM experiments generally have longer data acquisition times than TA 
spectroscopy (a consequence of scanning of pump wavelength, probe wavelength, and delay), we 
reduce this value to 50 rather than 200. In principle, this value may be adjusted in order to 
improve signal-to-noise. The camera and cine numbers reference the particular camera that is 
used in the measurement; as a result, we do not adjust these values. At this point, LabVIEW 
initializes the camera and the measurement begins. 
 
Figure B.1. The LabVIEW code that initializes camera measurements. Four settings are specified by the 
user before a TAM experiment: integration time (500 µs), number of spectra (50), camera number (0), 
and cine number (1). Integration time and number of spectra are chosen in order to optimize the signal-to-
noise ratio while maintaining reasonable data acquisition times. The camera and cine numbers reference 
the camera that is used during the experiment and therefore do not change. These parameters are sent to 
the camera when LabVIEW initializes the measurement routines.  
 
 
The LabVIEW program collects images from the camera when the pump is blocked and 
when the pump passes through the blades of the chopper wheel. These images are collected 
according to the number of spectra specified in Figure B.1. For 50 spectra, the camera collects 50 
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images with the pump on and 50 images with the pump off. The 50 images for each condition are 
averaged together, and the difference of the two averages is the TA signal, A , calculated 
according to Equation (2.48). This process is demonstrated in Figure B.2. The resultant TA data 
are written to disk as a function of delay, pump wavelength, and probe wavelength.  
 
Figure B.2. The LabVIEW code used for collecting TAM data. The code collects 50 images for both the 
pump-on (0) and pump-off (1) conditions, according to the number of spectra that we specified before 
initializing the measurement. After all images for both conditions are collected, the program averages the 
images for condition 0 and for condition 1. The difference between these images corresponds to the TA 




APPENDIX C: SUPPLEMENTAL INFORMATION FOR “ENERGY TRANSER 
MECHANISMS IN LAYERED 2D PEROVSKITES” 
C.1 Intensity-Dependent Signatures of Multi-Body Processes 
The measurements presented in Figure C.1 are conducted to confirm consistency with the 
dynamics shown in Figures 4.6-4.7. The signal intensity is measured as a function of the laser 
intensity for the same six conditions. The intensities are normalized to facilitate comparison of 
the fitting parameters in Table C.1. We find that the quadratic contribution increases with the 
index of the quantum well, indicating an increase in the contribution of two-body processes.  
 
Figure C.1. Transient absorption signals are measured for the specified systems and detection 
wavelengths. Each signal is fit to a second-order polynomial in order to establish contributions from 
higher-order effects in each of the quantum wells. The error bars for each data point represent the 
standard deviation computed for three experiments. These data confirm that contributions from two-body 
effects increase with the size of the quantum well. 
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(a) Fit to equation ( ) 21 2F I A I A I= + , where I  is intensity. 
(b) Error ranges correspond to one standard deviation 
 
 
In Figure C.2, we use Equation (4.1) to fit signals for the three conditions that exhibit the 
clearest intensity-dependence in Figures 4.6-4.7. The equation is truncated at the quadratic term 
and the contribution from the two-body relaxation component,  ,  is characterized using 






,                                                       (C.1) 
where 
0p  is the initial signal magnitude (see Tables C.2-C.4). In all cases, the two-body 
component dominates at the highest intensity, 34 μJ/cm2. The measurements discussed in 
subsequent sections are conducted at 10 μJ/cm2 given that this appears to be a reasonable 
compromise between the signal-to-noise ratio and suppression of higher-order processes. 
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Figure C.2. Transient absorption signals are fit with model that includes both single-body and two-body 
relaxation processes. These are the three signal components shown to be most sensitive to the laser 
intensity in Figures 4.6-4.7. The detection wavelengths and systems are: (a) 610 nm for Nmax=2; (b) 610 
nm for Nmax=3; (c) 645 nm for Nmax=3. The fits confirm that contributions from two-body relaxation 
mechanisms increase at higher fluences. 
 



















(mOD ps) 7.765e5±2e5 3651±1328 963±326 
( )0 2 1 0 2/A k k A k+  0.01 0.78 0.98 
 



















(mOD ps) 1160±326 477±48 228±27 
( )0 2 1 0 2/A k k A k+  0.85 0.98 1.00 
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(mOD ps) 9.15e5±3e5 934±166 432±186 
( )0 2 1 0 2/A k k A k+  0.01 0.97 0.99 
 
C.2 Comparison of 2DTA Spectra Acquired with Back-Side and Front-Side Excitation 
2DTA spectra acquired for the Nmax=2 film are presented in Figure C.3. Similar 2DTA 
spectra are obtained with experiments conducted on the back and front of the film (top and 
bottom rows in Figure C.3). These minor differences are consistent with a small amount of n=∞ 
perovskite located on the front of the film. Signal emission at wavelengths longer than 700 nm, 
which is associated with the n=∞ layer, is below the noise floor of the experiment in the Nmax=2 
system.   
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Figure C.3. 2DTA spectra of the Nmax=2 system acquired with back-side (top) and front-side (bottom) 
excitation. Delay times are: (a),(e) 1 ps; (b),(f) 100 ps; (c),(g) 500 ps; (d),(h) 1000 ps. Cross peaks above 
the diagonal represent energy transfer between quantum wells with different values of n. 
 
2DTA spectra acquired for the Nmax=3 film are presented in Figure C.4. As in the Nmax=2 
system, peaks are found on the diagonal of the spectra at early delay times and off-diagonal 
signal intensity accumulates with increasing delay. With back-side excitation, off-diagonal signal 
intensity grows at 750 nm for all excitation wavelengths. This suggests that an efficient sequence 
of energy transfer events is initiated from all quantum wells. In contrast, the off-diagonal 
response is dominated by signal emission at 750 nm for all delay times with front-side excitation. 
The data obtained with front-side excitation suggest that higher-energy resonances in the thick 
n=∞ layer absorb most of the incident light before it reaches the thinner quantum wells located 
200 
on the opposite side of the film. These differences in back-side and front-side excitation are 
consistent with the steady-state emission measurements shown in Figure 4.3.  
 
Figure C.4. 2DTA spectra of Nmax=3 system acquired with back-side (top) and front-side (bottom) 
excitation. Delay times are: (a),(e) 1 ps; (b),(f) 100 ps; (c),(g) 500 ps; (d),(h) 1000 ps. With back-side 
excitation, cross peaks above the diagonal represent the transfer of electronic excitations between 
quantum wells with different n values. It appears that a thick layer of n=∞ perovskite absorbs most of the 
light with front-side excitation. 
 
C.3 Approximations Needed to Obtain Gaussian Line Shapes with Uncorrelated Time-
Intervals  
We employ Gaussian functions in this model instead of Lorentzians because of superior 
fits to the experimental line shapes. The response is rigorously described as a product of complex 
exponential functions in the fast modulation limit. In the notation of Reference1 , the propagation 
function associated with either the first or third time-interval in the third-order response function 
(i.e., the electronic coherences) is given by 
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                                              ( ) ( ) ( ), , ,expex n ex n ex nI t t i t t = − − ,                                        (C.2) 
where ( )t  is a Heaviside step function, ,ex n is the average resonance frequency, and ,ex n  is the 
line width. Heterogeneity is introduced by convoluting the propagation function with a static 
Gaussian distribution and taking the homogeneous line width, ,ex n , to be much smaller than the 
inhomogeneous line width, 2 ,ex n ,  
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Fourier transformation of Equation (C.3) yields the Gaussian functions incorporated in our 
model, 
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.                          (C.4) 
Our assumption that ,ex n is much larger than ,ex n  is the most important approximation that leads 
to ( ),ex n  . This can be justified if thermal fluctuations in the energy gap are within the fast 
modulation limit, whereas the Gaussian distribution is static due to heterogeneity in the 
perovskite film. It is not clear that this is true. However, the risk in making this approximation is 
small for time scales that are long compared to the picoseconds time scale of nuclear 
reorganization and vibrational energy redistribution. It is well-established by photon echo 
spectroscopy that this is the time scale at which correlation between the two electronic coherence 
times is lost. The response function is well-approximated as a product of one-dimensional line 
shapes.  
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C.4 Orientational Averages Used to Compute Energy Transfer Rates 
C.4.1 Orientational Average in Three Dimensions 
Orientational averages must be carried out to evaluate Förster’s rate formula. Here, we 
assume that (i) the transition dipoles initially possess random orientations and (ii) rotational 
diffusion of the dipole is fast compared to energy transfer. First, we treat the familiar three-
dimensional case. The parameters are defined in Figure C.5. The orientation factor, s , is 
computed using solid angles for the donor,
 D
 , and acceptor, A . The orientation average can 
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and  
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The transition dipoles for the donor and acceptor are ˆD  
and ˆ A , respectively. The vector, R̂ , is 
normalized for unit length. 
For convenience, κ is written in terms of the angles defined in Figure C.5, 
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The orientation factor is obtained by integration. 
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The square of s must be taken to account for each of the perturbative interactions in Förster’s rate 
formula, 
 2 0.476s  .  (C.10) 
 
Figure C.5. Parameters used to compute general orientational average in three dimensions. 
 
C.4.2 Orientational Average for Dipoles Constrained to Coplanar Rotational Diffusion 
The layered 2D perovskites are quantum-confined in the directions normal to the surfaces 
of the quantum wells. Therefore, we treat the special case in which the transition dipoles are in 
the plane of the quantum well. The parameters needed for this calculation are shown in Figure 
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Numerical evaluation of the orientation average yields, 
 0.981s  .  (C.14) 
Again, the square of s must be taken to account for each of the perturbative interactions in 
Förster’s rate formula, 
 2 0.964s  .  (C.15) 
 
Figure C.6. Parameters used to compute orientational average in which the dipoles are constrained for 
coplanar rotational diffusion. 
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C.5 SEM Images of Layered 2D Perovskites 
 
Figure C.7. Cross-sectional SEM image of an Nmax=2 film. The bottom layer (shown as 899 nm) 
corresponds to the FTO substrate, while the top layer (shown as 566 nm) is the perovskite material.  
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Figure C.8. Cross-sectional SEM image of an Nmax=3 film. The bottom layer (shown as 932 nm) 
corresponds to the FTO substrate, while the top layer (shown as 702 nm) is the perovskite material.  
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Figure C.10. Surface SEM image of an Nmax=3 film. 
 
C.6 X-Ray Diffraction Data and Interpretation 
C.6.1 Preliminary Assignments 
Figure C.11 shows XRD patterns obtained for films of Nmax=2 and Nmax=3.  
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Figure C.11. XRD patterns for the layered perovskite systems PEA Nmax=2 and Nmax=3. The y-axis is 
scaled in order to clearly differentiate the peaks of the two systems. In both sets, there are two major 
peaks with much higher intensity than the others. The strong intensity of these two peaks, coupled with 
the high degree of crystallinity observed in SEM images, indicates that the sample is preferentially 
oriented relative the substrate surface.  
 
First, we assign peaks in the XRD pattern that correspond to the FTO substrate. Using 
FTO lattice parameters from Reference2, we assign the following four peaks as diffraction from 
the indicates planes of the substrate: 26.50° as (110), 33.80° as (101), 37.85° as (200), and 
51.65° as (211). These determinations stand in agreement with those put forth in Reference2. 
The remaining peaks in the XRD patterns are assigned based on perovskite lattice 
parameters. It is unclear, however, which set of parameters is most appropriate. Because the 
layered perovskites systems display electronic resonances beyond the nominal quantum well, it 
stands to reason that the entire thin film would consist of layers or regions of individual quantum 
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wells—all of which could feasibly diffract x-rays in a characteristic pattern. In order to fully 
examine this issue, we opt to analyze the diffraction patterns of the thin films based on the lattice 
parameters of the nominal quantum well, as well as those corresponding to bulk 
methylammonium lead triiodide perovskite. Assignments based on the nominal quantum well are 
justified based on relative concentrations of the individual components. We have observed that 
the concentration of the nominal quantum well is optimized during the fabrication process, and 
would thus have a higher probability of diffracting the incident x-rays. Due to observed spatial 
separation of the quantum wells (i.e. the infinity portion is more concentrated on the surface side 
of the film as opposed to the substrate side), it is also possible that the x-rays diffract more 
frequently from the infinity lattice, which is closest to the surface of the film. The following 
sections examine and assign the XRD patterns for both Nmax=2 and Nmax=3 systems.  
C.6.2 Nmax=2 XRD Pattern Assignment 
Table C.5 displays the lattice parameters used to assign the XRD peaks in the Nmax=2 
system, while Table C.6 contains the results of peak assignment using both n=2 and n=∞.  
Table C.5. Lattice parameters for n=2 and n=∞ 
Lattice Parameter 
(PEA)2 (MA) 
Pb2I7  (n = 2) 3 
MAPbI3 (n = ∞) 4 
a (Å) 8.794 8.81 
b (Å) 8.792 8.81 
c (Å) 22.766 12.71 
α, (°) 94.02 90 
β, (°) 97.02 90 
γ, (°) 90.18 90 
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Dcalc, n = 2 
(Å) 
Miller Indices, 
n = 2 
Dcalc, n = ∞ 
(Å) 
Miller Indices, 
n = ∞ 
14.25 6.210 6.15 (110) 6.230 (110) 
28.70 3.108 3.075 (220) 3.025 (220) 
43.60 2.074 2.076 (411) 2.077 (330) 
13.15 6.727 6.694 (012) 6.355 (002) 
 
In the case of the most intense peaks (14.25° and 28.70°), both n=2 and n=∞ parameters 
yield the same Miller indices; these peaks are assigned as diffraction from the (110) and (220) 
planes. When we examine these crystal planes in both the n=2 and n=∞ inorganic lattice, it is 
clear the planes containing lead atoms and axial iodides are parallel to the surface in the Nmax=2 
system. This geometry is presented in Figure C.12. 
 
Figure C.12. A 3x3x3 inorganic unit cell corresponding to (a) n=2 lattice and (110) plane, (b) n=∞ lattice 
and (110) plane, (c) n=2 lattice and (220) plane, and (d) n=∞ and (220) plane. In all four cases, the lead 
centers and axial iodides fall within the highlighted planes and are thus oriented parallel to the substrate. 
All crystal planes of interest are shown in orange; lead atoms are shown in gray, and iodide atoms are shown 
in red.  
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Diffraction planes corresponding to the remaining minor peaks are more ambiguous. 
While it is not entirely clear what orientations produce these diffraction peaks, their 
comparatively low intensity indicates a small concentration in the in-tact film. As a result, we 
conclude that the Nmax=2 film displays a preferential orientation in which the c-axis of perovskite 
lattice is parallel to the substrate.   
C.6.3 Nmax=3 XRD Pattern Assignment   
Table C.7 displays the lattice parameters used to assign the XRD peaks in the Nmax=3 
system, while Table C.8 contains the results of peak assignment using both n=3 and n=∞.  
Table C.7. Lattice parameters for n=3 and n=∞ 
Lattice Parameter (PEA)2 (MA)2 Pb3I10 (n = 3) 5 MAPbI3 (n = ∞) 4 
a (Å) 8.7284 8.81 
b (Å) 8.7333 8.81 
c (Å) 28.803 12.71 
α, (°) 92.734 90 
β, (°) 95.878 90 
γ, (°) 90.254 90 
 





Dcalc, n = 3 
(Å) 
Miller Indices, 
n = 3 
Dcalc, n = ∞ 
(Å) 
Miller Indices, 
n = ∞ 
14.20 6.232 6.288 (013) 6.223 (110) 
28.60 3.119 3.063 (220) 3.115 (220) 
43.50 2.079 2.079 (411) 2.077 (330) 
12.30 7.190 7.155 (004) 7.241 (011) 
15.45 5.731 5.863 (111) 5.594 (111) 
59.20 1.560 1.531 (440) 1.557 (440) 
 
Assigning the diffraction peaks for the Nmax=3 system is more complex than for the 
Nmax=2 system. As with the Nmax=2, there are two major peaks that are much more intense than 
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the others in the Nmax=3 XRD pattern. The second most intense peak (2θ = 28.60°) is assigned to 
diffraction from the (220) planes in both the n=3 and n=∞ crystals. Figure C.13 presents these 
crystal planes, which are parallel to the substrate.  
 
Figure C.13. A 3x3x3 inorganic unit cell of (a) n=3 and (b) n=∞ with the (220) plane highlighted in 
orange. The high degree of crystallinity (as reveleaed by SEM images) in the films indicates that this 
crystal plane is parallel to the substrate. Lead atoms are shown in gray, and iodide atoms are shown in red. 
 
 
An intense peak with a similar value of 2θ is apparent in the Nmax=2 diffraction pattern is 
also assigned to the (220) plane, further supporting the hypothesis that these materials assemble 
with the c-axis of the perovskite lattice parallel to the substrate.  
The assignment of the most intense peak in the Nmax=3 pattern, however, is not as clear. 
The n=3 lattice parameters indicate diffraction from the (013) plane, while n=∞ parameters point 
to diffraction from the (110) plane. Figure C.14 displays the difference in these two crystal 
planes within their respective unit cells.  
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Figure C.14. A 3x3x3 inorganic unit cell of (a) n=3 with the (013) plane highlighted and (b) n=∞ with 
the (110) plane highlighted in orange. Diffraction from the (110) plane of n=∞ is most consistent with the 
orientation suggested by the other high intensity peak in the Nmax=3 pattern, as well as the orientation of 
the Nmax=2 system.  
 
 
The unambiguous assignment of the major peaks in the Nmax=2 pattern suggests that 
diffraction from the (110) plane of n=∞ is the most likely scenario for this peak in the Nmax=3 
pattern. The peak assigned to (110) in the Nmax=2 pattern occurs at 2θ=14.25°, while the Nmax=3 
peak in question is shifted only slightly to 2θ=14.20°. Such similar d-spacings in very similar 
crystal systems suggest closely related diffraction planes. Comparing the (110) plane of either 
n=2 or n=∞ to the (013) plane of n=3 (as in Figure C.14) shows entirely different orientations of 
the crystal axes, assuming the diffraction planes are parallel to the substrate. For these reasons, 
we conclude that the peak at 2θ=14.20° in the Nmax=3 system should be assigned to the (110) 
plane, in agreement with the geometry suggested by the Nmax=2 pattern assignments. 
As with the Nmax=2 system, assignment of the minor peaks in the diffraction pattern 
differs when using the n=3 and n=∞ lattice parameters. However, their comparatively low 
intensity indicates a small concentration in the in-tact film. Again, we conclude that the Nmax=3 
film displays a preferential orientation in which the c-axis of the unit cell is parallel to the 
substrate.   
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APPENDIX D: SUPPLEMENTAL INFORMATION FOR “IMAGING CARRIER 
DIFFUSION IN PEROVSKITES WITH A DIFFRACTIVE OPTIC-BASED TRANSIENT 
ABSORPTION MICROSCOPE” 
D.1 SEM Image of Perovskite Film 
 
Figure D.1. Individual grains are observed in this SEM image of a perovskite film.   
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D.2 SEM Image of Perovskite Single Crystal 
 
Figure D.2. SEM image of perovskite single crystal.  
 
 
Figure D.3. SEM image of perovskite single crystal. 
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D.3 Calculating Carrier Densities 
Table D.1. Carrier densities calculated at each value of the pump fluence  
Fluence Film Crystal 
27 μJ/cm2 4.23   1018 cm-3 4.52   1018 cm-3 
39 μJ/cm2 6.00  1018 cm-3 6.41  1018 cm-3 
50 μJ/cm2 7.75  1018 cm-3 8.28  1018 cm-3 
93 μJ/cm2 1.44  1019 cm-3 1.54  1019 cm-3 
161 μJ/cm2 2.50  1019 cm-3 2.67  1019 cm-3 
315 μJ/cm2 4.89  1019 cm-3 5.22  1019 cm-3 
905 μJ/cm2 1.40  1020 cm-3 1.50  1020 cm-3 
 
This section describes how carrier densities are calculated for the film and crystal. The 
carrier density is calculated by assuming Beer-Lambert absorption with the following equation,1 





−= − = ,                                                           (D.1) 
where f  is the fluence, hv  is the energy of a photon, l  is the thickness of the sample and  is 
the absorption coefficient, which is -16.9μm at 570 nm.2 The constant, C , is determined by 
properties of the material. The thickness of the film is extracted from its absorption spectrum 
using the Beer-Lambert law, 




=  ,                                                                   (D.2) 
where . .O D  is the optical density at 570 nm. The thickness of crystal is set equal to the inverse of 
the absorption coefficient (i.e., 1/ e  of the absorption length).3 This is because the thickness of 
our crystal is greater than 5μm  , so a negligible amount of pump light can be transmitted through 
the sample. Therefore, the signal is predominately generated within 1/ e  of the absorption depth. 
Under these assumptions, the constant C is equal to 23 -1 -12.15 10 J cm  for the film and 
23 -1 -11.66 10 J cm  for the crystal.  
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D.4 Plots of Fitting Parameters at all Laser Spots for a Range of Fluences        
The parameters determined for each pump spot and pump fluence are plotted in Figure 
D.4 in order to illustrate variation of the dynamics for the two samples. Typically, 5-10 of the 41 
beams is incident on a scattering defect on the crystal surface, which limits the number of useful 
spots to 33 in this experiment. The signals measured for each spot are fit with Equation (5.1) for 
both systems. The means and standard deviations are then computed to produce the summary in 
Figure 5.6. Significant variation is found for each of the parameters. For example, the diffusion 
coefficients range from 0.00 to 0.10 cm2/s in the film and from 0.04-0.36 cm2/s in the crystal at 




, exhibits greater variation in the crystal than it 




, ranges from 0.01 to 0.46 ns-1 at 90 μJ/cm2. 




, is negligible in the crystal but significant in the film at 




, ranges from 0.02 to 0.80 ns-1 at 90 
μJ/cm2 in the film. 
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Figure D.4. Fitting parameters for all laser spots obtained for perovskite film (top) and single crystal 
(bottom). (a),(d) Diffusion coefficients, 
0
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APPENDIX E: SUPPLEMENTAL INFORMATION FOR “IMAGING EXCITON 
TRANSPORT IN LAYERED 2D PEROVSKTIES WITH TRANSIENT ABSORPTION 
MICROSCOPY” 
E.1 Tabulated Fitting Results 
Parameters obtained from fitting absorbance lineshapes to Equation (6.1) are presented in 
the tables below. Fitting parameters are obtained after the broad continuum contribution has been 
successfully isolated and removed, leaving only the Gaussian lineshapes associated with the 
quantum well resonances. Parameters presented in Table E.1 are obtained after averaging 
together absorbance profiles across multiple samples with depths differing by no more than 20 
nm. 





115 nm 160 nm 180 nm 220 nm 245 nm 350 nm 370 nm 
1c
 0.230 0.240 0.220 0.197 0.169 0.132 0.091 0.073 
1 (cm
-1) 19400 19400 19400 19400 19300 19300 19400 19500 
1d (cm
-1) 800 717 723 633 650 601 679 829 
2c  0.263 0.267 0.232 0.229 0.213 0.179 0.087 0.082 
2 (cm
-1) 17600 17600 17600 17600 17600 17600 17600 17700 
2d (cm
-1) 600 581 600 549 593 586 681 697 
3c  0.181 0.125 0.107 0.097 0.082 0.076 0.055 0.053 
3 (cm
-1) 16400 16400 16400 16400 16400 16400 16400 16400 
3d (cm
-1) 565 544 522 508 650 568 829 903 
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Table E.2. Spectral fitting parameters for Sample 1.  
Fitting Parameters Full Thickness 110 nm 170 nm 220 nm 360 nm 
1c
 0.242 0.244 0.233 0.170 0.078 
1 (cm
-1) 19400 19400 19400 19300 19400 
1d (cm
-1) 868 713 735 652 832 
2c  0.273 0.277 0.248 0.214 0.082 
2 (cm
-1) 17600 17600 17600 17600 17600 
2d (cm
-1) 636 595 600 600 710 
3c  0.180 0.131 0.102 0.083 0.059 
3 (cm
-1) 16400 16400 16400 16400 16400 
3d (cm
-1) 560 547 540 640 799 
 
 
Table E.3. Spectral fitting parameters for Sample 2.  
Fitting Parameters Full Thickness 120 nm 160 nm 240 nm 345 nm 
1c
 0.222 0.244 0.195 0.112 0.099 
1 (cm
-1) 19500 19400 19400 19300 19400 
1d (cm
-1) 1060 740 759 704 697 
2c  0.250 0.262 0.196 0.163 0.092 
2 (cm
-1) 17600 17600 17600 17600 17600 
2d (cm
-1) 626 588 620 616 702 
3c  0.177 0.117 0.090 0.082 0.059 
3 (cm
-1) 16400 16400 16400 16400 16300 
3d (cm
-1) 578 516 597 750 790 
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Table E.4. Spectral fitting parameters for Sample 3.  
Fitting Parameters Full Thickness 160 nm  240 nm  250 nm  355 nm  
1c
 0.219 0.243 0.162 0.132 0.080 
1 (cm
-1) 19400 19400 19300 19300 19400 
1d (cm
-1) 941 710 580 577 640 
2c  0.274 0.262 0.200 0.159 0.076 
2 (cm
-1) 17600 17600 17600 17600 17600 
2d (cm
-1) 608 527 600 546 614 
3c  0.182 0.110 0.083 0.068 0.054 
3 (cm
-1) 16400 16400 16400 16400 16400 
3d (cm
-1) 527 500 522 594 712 
 
 
Table E.5. Spectral fitting parameters for Sample 4.  
Fitting Parameters Full Thickness 150 nm 180 nm 250 nm 380 nm 
1c
 0.207 0.214 0.201 0.111 0.066 
1 (cm
-1) 19500 19400 19400 19300 19400 
1d (cm
-1) 957 716 635 554 759 
2c  0.277 0.248 0.232 0.175 0.076 
2 (cm
-1) 17600 17600 17600 17600 17600 
2d (cm
-1) 607 566 564 576 658 
3c  0.181 0.125 0.094 0.071 0.049 
3 (cm
-1) 16400 16400 16400 16400 16400 
3d (cm
-1) 527 505 487 540 850 
 
E.2 Results of Milling Experiments on Individual Samples 
The figures below summarize the data collected for 4 individual milling samples.  
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Figure E.1. Summary of milling results for Sample 1. a) SEM images of four milled regions with 
indicated depths, as determined by AFM. b) Cross-sectional SEM image showing the full thickness of the 
layered perovskite film. c) Absorbance lineshapes for the full thickness of Sample 1 and milled regions. 
d) Absorbance spectra are normalized to the n=3 excitonic resonance at approximately 610 nm. e) 
Representative fit of the continuum and quantum well absorbance lineshapes. f) The change in quantum 
well concentration as a function of milling depths. Concentrations above 100% result from a combination 




Figure E.2. Summary of milling results for Sample 2. a) SEM images of four milled regions with 
indicated depths, as determined by AFM. b) Cross-sectional SEM image showing the full thickness of the 
layered perovskite film. c) Absorbance lineshapes for the full thickness of Sample 2 and milled regions. 
d) Absorbance spectra are normalized to the n=3 excitonic resonance at approximately 610 nm. e) 
Representative fit of the continuum and quantum well absorbance lineshapes. f) The change in quantum 
well concentration as a function of milling depths. Concentrations above 100% result from a combination 
of experimental error and film heterogeneity.  
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Figure E.3. Summary of milling results for Sample 3. a) SEM images of four milled regions with 
indicated depths, as determined by AFM. (b) Cross-sectional SEM image showing the full thickness of 
the layered perovskite film. c) Absorbance lineshapes for the full thickness of Sample 3 and milled 
regions. d) Absorbance spectra are normalized to the n=3 excitonic resonance at approximately 610 nm. 
e) Representative fit of the continuum and quantum well absorbance lineshapes. f) The change in 
quantum well concentration as a function of milling depths. Concentrations above 100% result from a 




Figure E.4. Summary of milling results for Sample 4. a) SEM images of four milled regions with 
indicated depths, as determined by AFM. b) Cross-sectional SEM image showing the full thickness of the 
layered perovskite film. c) Absorbance lineshapes for the full thickness of Sample 4 and milled regions. 
d) Absorbance spectra are normalized to the n=3 excitonic resonance at approximately 610 nm. e) 
Representative fit of the continuum and quantum well absorbance lineshapes. f) The change in quantum 
well concentration as a function of milling depths. Concentrations above 100% result from a combination 
of experimental error and film heterogeneity.  
 
E.3 AFM Depth Profiles of Individual Samples  
The figures below summarize the AFM depth profiles obtained from the four milled 




Figure E.5. AFM depth profiles for Sample 1 demonstrate average milling depths of a) 110, b) 170, c) 




Figure E.6. AFM depth profiles for Sample 2 demonstrate average milling depths of a) 120, b) 160, c) 




Figure E.7. AFM depth profiles for Sample 3 demonstrate average milling depths of a) 160, b) 240, c) 




Figure E.8. AFM depth profiles for Sample 4 demonstrate average milling depths of (a) 150, (b) 180, (c) 
250, and (d) 380 nm. 
 
233 
E.4 Linear Absorption Spectra of 2D Perovskite Single Crystals 
 
Figure E.9. Linear absorbance spectra obtained for perovskite single crystals. 
 
